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 Abstract 
 
The present work is within the scope of valorising lignin-rich side streams resulting from 
lignocellulosic biomass processing in order to obtain purified fractions of added value phenolic 
compounds, in particular, vanillin and syringaldehyde. 
The main goal is to contribute with new insights for the integrated oxidation and separation process 
suggested by the LA LSRE-LCM in the 90’s. In this regard, the studies developed herein can be 
divided in two main parts:  
- Studies with synthetic solutions prepared with some of the phenolic compounds present in 
oxidized lignin solutions (vanillin, syringaldehyde, vanillic and syringic acids, among others)  in 
order to i) assess the feasibility of employing non-polar resins to adsorb vanillin and 
syringaldehyde and ii) study the recovery and concentration of the adsorbed phenolic compounds 
using ethanolic solutions; Finally, evaluate the potential of employing a supercritical fluid 
chromatographic process with CO2 to separate vanillin and syringldehyde from other phenolic 
monomers; 
- Demonstration of the integration of membrane separation, adsorption/desorption and 
supercritical fluid chromatographic processes starting with an oxidized kraft black liquor solution. 
Mono-component equilibrium adsorption batch studies of vanillin, syringaldehyde and respective 
acids in aqueous solution, were performed onto macropourous styrene-divinylbenzene resins 
(XAD16N and SP700). The adsorption equilibrium isotherms for three different temperatures were 
found for each compound and equilibrium data fitted by Langmuir, Bi-Langmuir and Freundlich 
models. Fixed bed studies with SP700 resin were performed for each compound at different 
temperatures and feed concentrations and experimental results described with the axial dispersion 
model and linear driving force approximation to represent the intraparticle mass transfer. 
In order to overcome the disadvantage of desorbing the phenolic compounds with water, which 
proved to be a time consuming process, adsorption/desorption studies with ethanol:water         
(90:10, % V/V) were performed for different temperatures and vanillin and syringaldehyde feed 
concentrations with the SP700 resin. The breakthrough curves obtained were described by a similar 
mathematical model used in the adsorption experiments performed in aqueous medium. Moreover, 
fixed bed desorption studies employing ethanol:water (90:10, % V/V) solutions were conducted 
after loading the SP700 bed with aqueous solutions of vanillin, syringaldehyde, and vanillic and 
syringic acids.  
A three-stage membrane fractionation sequence of an oxidized industrial kraft liquor diluted and 
enriched in some of the phenolic compounds of interest was carried out with the molecular weight 
cut-off tubular ceramic membranes of 50, 5 and 1 kDa. The main goal was to obtain a final 
permeate stream depleted in the higher molecular weight lignin fragments and richer in the 
phenolic monomers of interest. The efficiency of each stage was analysed regarding the permeate 
flux obtained and membrane intrinsic and fouling resistances observed. Each stream of the 
fractionation process (feed, permeates and retentantes) was characterized regarding total non-
volatile solids, ashes and phenolic compounds quantified by HPLC-UV, in order to obtain the 
respective membrane apparent rejection coefficients and evaluate the composition changes in each 
stream.  
The permeates obtained after 5 and 1 kDa membrane stage processing were loaded onto a bed 
packed with SP700 prior to pH value correction with H2SO4 from 10 to 8. The SP700 resin bed was 
saturated with the permeate 1 kDa and adsorption/desorption cycles with the permeates 5 and 1 
kDa. The adsorbed coumpounds were recovered with an ethanol:water (90:10, % V/V) solution and 
the composition of the final eluates obtained characterized in the same parameters used in 
membrane processing.  
A final stage of the ethanolic eluates purification was evaluated using CO2 supercritical fluid 
chromatography employing the best set of operating conditions previously established with 
synthetic solutions among temperature, flowrate, amount of methanol and formic acid as the co-
solvent and additive, respectively.  
 
 
 
 
 Resumo 
 
O presente trabalho insere-se no âmbito da valorização de correntes secundárias ricas em lenhina 
resultantes do processamento de biomassa lenhocelulósica com o propósito de se obter fracções 
purificadas de compostos fenólicos com valor acrescentado, em particular, vanilina e seringaldeído.  
O principal objetivo é contribuir com novos conhecimentos científicos para o processo integrado de 
oxidação e separação sugerido pelo LA LSRE-LCM nos anos 90. Desta forma, os estudos aqui 
desenvolvidos podem ser divididos em duas partes principais: 
- Estudos com soluções sintéticas preparadas com alguns dos compostos fenólicos presentes em 
soluções de lenhina oxidadas (vanilina, seringaldeído, ácidos vanílico e seríngico, entre outros) 
para: i) avaliar a viabilidade do uso de resinas não polares para adsorver vanilina e seringaldeído e 
ii) estudar a recuperação e concentração dos compostos fenólicos adsorvidos recorrendo a soluções 
etanólicas; Finalmente, avaliar o potencial de aplicar um processo de cromatografia supercrítica 
com CO2 para separar a vanilina e o seringaldeído de outros monómeros fenólicos; 
- Demonstração da integração dos processos de separação por membranas, adsorção / dessorção e 
cromatografia supercrítica partindo de uma solução de licor negro kraft oxidada, diluída; 
Estudos monocomponente de equilíbrio de adsorção de vanilina, seringaldeído e respectivos ácidos 
foram realizados em sistema descontínuo e meio aquoso sobre resinas macroporosas de estireno-
divinilbenzeno (SP700 e XAD16N). Obtiveram-se as isotérmicas de equilíbrio de adsorção a três 
temperaturas para cada composto e os dados de equilíbrio foram descritos com os modelos de 
Langmuir, Bi-Langmuir e Freundlich. Para cada composto, realizaram-se estudos em leito fixo a 
diferentes temperaturas e concentrações de alimentação com a resina SP700 e os resultados 
experimentais foram descritos com o modelo dispersão axial e aproximação de força motriz linear 
para descrever a resistência à transferência de massa intraparticular. 
De forma a ultrapassar a desvantagem de desorção dos compostos fenólicos com água, que revelou 
ser um processo moroso, realizaram-se estudos de adsorção/desorção com etanol:água                
(90:10, % V/V) a diferentes temperaturas e concentrações de alimentação de vanilina e 
seringaldeído com a resina SP700. As curvas de ruptura obtidas foram descritas com um modelo 
matemático semelhante ao usado nos ensaios realizados em meio aquoso. Mais ainda, foram 
efetuados estudos de desorção em leito fixo com uma solução de etanol:água (90:10, % V/V) após 
saturação do leito com soluções aquosas de vanilina, seringaldeído e ácidos vanílico e seríngico. 
Uma sequência de fraccionamento por membrana de licor kraft industrial previamente oxidado, 
diluído e enriquecido em alguns dos compostos fenólicos de interesse foi efetuado em três etapas 
com membranas cerâmicas tubulares de peso molecular de corte de 50, 5 e 1 kDa. O principal 
objectivo foi obter uma corrente final de permeado empobrecida em fragmentos de lenhina de 
maior peso molecular e rica nos monómeros fenólicos de interesse. A eficiência de cada etapa foi 
analisada quanto ao fluxo de permeado obtido e aos coeficientes de resistência intrínseca da 
membrana e gerada por fouling calculados. Cada corrente obtida do fraccionamento de membranas 
(alimentação, permeados e concentrados) foi caracterizada em relação aos sólidos totais não 
voláteis, cinzas e compostos fenólicos quantificados por HPLC-UV, de forma a obter os 
respectivos coeficientes de rejeição aparentes da membrana e avaliar as alterações de composição 
em cada corrente do processo. 
Os permeados obtidos após as etapas de processamento com as membranas de 5 e 1 kDa foram 
alimentados num leito empacotado com a resina SP700 após correcção do valor de pH com H2SO4 
de 10 para 8. Foi efectuado um ensaio de saturação do leito com o permeado 1 kDa e ciclos de 
adsorção/desorção com os permeados 5 e 1 kDa. Os compostos adsorvidos foram recuperados com 
uma solução de etanol:água (90:10, % V/V) e os respectivos eluatos caracterizados nos mesmos 
parâmetros usados no processamento de membranas.  
Uma etapa final de purificação dos eluatos etanólicos obtidos foi avaliada recorrendo a 
cromatografia supercrítica com CO2 aplicando o conjunto de condições operacionais previamente 
estabelecidos com soluções modelo entre as quais, temperatura, caudal, quantidade de metanol e 
ácido fórmico adicionados como co-solvente e aditivo, respectivamente. 
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1. Introduction 
 
In this chapter the driving force for the development of this study is presented, from the perspective 
of multistock biorefineries and pulp mills operating with hardwood lignins and its valorisation 
processes. In this scope, an integrated separation process emerges as the required key piece for the 
sustainable production of added value compounds from lignin oxidation.  Herein, the main goals of 
this thesis are presented along with a brief description of each chapter. 
 
 
1.1. Relevance and motivation 
 
Nowadays, industries worldwide are developing new strategies towards environmental and 
economical sustainable processes to provide efficient biomass conversion into bio-based chemicals, 
platform chemicals, fuels and energy (1). 
Lignin-rich side streams resulting from processing lignocellulosic biomass are promising 
feedstocks to produce materials, fuels and chemicals (2, 3). Oxidative depolymerisation of lignin is 
one of many existing processes (2) and yields several added value functionalized phenolic 
compounds (4), such as vanillin and syringaldehyde (2, 4, 5). These aldehydes are important 
ingredients for flavour and fragrance industry (6-8) and intermediates of fine chemicals or drugs 
such as 3,4,5-trimethoxybenzaldehyde (9) or levodopa (10). 
Several favourable economic and environmental aspects point out the use of lignocellulosic 
biomass as an interesting source for obtaining valuable fine chemicals by means of controlled 
oxidation. Pulp and paper industries generate large amounts of lignin-based material that are 
mainly handled in a destructive way for energy production. Pulp and paper industry generate 
pulping (or black) liquor currently used for energy production and inorganic chemicals recovery. A 
single average size Portuguese mill produces the amount of liquor necessary to produce 240 000 
tons of lignin per year. Diverging 0.1% of liquor from a Eucalyptus globulus mill will not 
compromise the actual use for this stream and it represents about 4 000 tons of liquor containing 
240 tons of lignin available to be converted into valuable chemicals. Considering the average yields 
achieved by the LA LSRE-LCM team with oxidative depolymerisation of lignin, 1.2% and 2.8% 
for vanillin and syringaldehyde, respectively (4), about 2.9 tons of vanillin and 6.7 tons of 
syringaldehyde can be produced. The market price for these two compounds is about $11/kg (11) 
for Vanillin and $22/kg (12) for syringaldehyde, which would account for a total of 179 thousands 
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of dollars. These numbers can be increased if besides the production of vanillin and 
syringaldehyde, other compounds of interest are also recovered (e.g. oligomers). 
Pulp and paper industry in Portugal was pioneering in the use of E. globulus wood as raw material 
for pulp, representing an important economic sector. Considering that its lignin is mainly composed 
by syringyl units (80S:20G) (13), and that the raw materials of biorefineries are hardwood residues, 
syringaldehyde should be considered as one of the main valuable chemicals produced from these 
lignins, followed by vanillin. Accordingly, a feasible and efficient sequential process of separation 
is critical for the maximum recovery of both compounds, as well as oligomers from the reaction 
mixture, in an integrated process.  
The scope of my PhD work is to study the process conditions for the separation of vanillin and 
syringaldehyde from the other oxidation products of hardwood lignins, by means of three 
sequential processes (membrane separation, adsorption and supercritical fluid chromatography), to 
obtain high purity fractions of each compound. 
Since the 90’s that the LA LSRE-LCM team develops work on the chemical production of vanillin 
and syringaldehyde from kraft lignin oxidation (2, 4, 13-24). Some studies on membrane separation 
and adsorption processes of vanillin have already been developed by LSRE-LCM group (17, 19-
21). Based on these studies, the team designed a sequence of processes aiming the integration of 
membrane and ion exchange processes with the reaction process of the lignin (25). This work 
intends to gather new information that will contribute to obtain more knowledge about the 
feasibility of the integration of these separation processes. Within this work plan a complete study 
implementing an integrated sequence of processes with the real oxidized lignin solution will be 
attempted for the first time. Additionally, obtaining new valuable compounds from lignin oxidative 
depolymerisation, such as syringaldehyde, will be considered and the evaluation of the potential of 
supercritical fluid chromatography for obtaining purified fractions of each phenolic aldehyde will 
be initiated within this project.  
This study will contribute to the scientific knowledge and advances on finding the suitable 
combination of processes to separate and purify products from lignin oxidation. It will bring new 
and valuable information about the viability of developing an industrially environmental integrated 
process of reaction and separation for the recovery of high added value compounds from lignin, 
thus meeting the emerging demand on biobased products. 
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1.2. Objectives and outline 
 
This work addresses the study of integration of three distinct separation and purification processes 
to streams of lignin oxidative depolymerisation in order to obtain more refined fractions of vanillin 
and syringaldehyde. A forecast of the intended sequence to study is depicted in Figure 1.1 
encompassing membrane separation process with tubular ceramic membranes, adsorption process 
with a polymeric adsorbent and a final purification stage with supercritical fluid chromatography 
(SFC-CO2). It is expected to obtain valuate information about the potential of integration of these 
separation and purification processes in the perspective of obtaining highly purified fractions of 
each aldehyde. 
 
 
Figure 1.1 Forecast of the integrated sequence of processes to study 
 
In Chapter 2 it is summarized relevant literature from international peer reviewed publications and 
patents dealing with core processes and applications implemented aiming syringaldehyde and 
vanillin separation from real oxidation mixtures. Literature since the early years of the 20
th
 century 
Oxidized 
lignin
Retentate
(high Mw compounds)
Permeate
(low Mw phenolates)
Membrane
Separation
Processes
Adsorption /Desorption 
Processes
SFC-CO2
Low-polarity 
compounds
high-polarity 
compounds
Integrated Process
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is summarized covering several separation technologies encompassing liquid-liquid extraction, 
supercritical fluid extraction, distillation, crystallization, membrane separation, and adsorption. The 
combination of the different processes addressed in the literature aiming the purification of vanillin 
and syringaldehyde is discussed. 
 
Chapters 3 and 4 describe the adsorption/desorption studies performed with model solutions of 
vanillin and syringaldehyde. Chapter 3 addresses adsorption studies performed with aqueous 
solutions of vanillin, syringaldehyde, vanillic acid and syringic acid.  Batch equilibrium studies 
with vanillin and syringaldehyde are performed to select the most suitable adsorbent among SP700 
and XAD16N. SP700 is selected to pursue with batch equilibrium studies with vanillic and syringic 
acids. Single adsorption equilibrium isotherms for each compound at different temperatures are 
fitted with Langmuir, Bi Langmuir and Freundlich models. Fixed bed studies with each phenolic 
compound in aqueous solution are performed as well. A mathematical model considering a plug 
flow with axial dispersion, linear driving force rate equations to describe mass transfer inside the 
resin, no temperature gradients and constant porosity along the bed is implemented to describe the 
adsorption/desorption histories of concentration at the outlet of the fixed bed experiments. Binary 
adsorption studies with vanillin and syringaldehyde are performed as well and the extended Bi-
Langmuir model implemented. 
Chapter 4 evaluates the adsorption of the phenolic aldehydes in ethanol:water (90:10, % V/V), in 
the perspective of using an ethanolic solution for recovery of the aldehydes. In this chapter is also 
shown the advantage of applying an ethanol:water (90:10, % V/V) solution for the recovery of the 
phenolic compounds from lignin oxidation mixture. The high level of concentration achieved with 
this strategy and the type of solvent used is favourable for any further processing step, such as 
crystallization or spray drying. 
 
Chapter 5 addresses the implementation of a membrane separation to process an oxidized 
industrial kraft liquor diluted and enriched in some phenolic compounds of interest. A membrane 
fractionation sequence employing ceramic membranes with cut-offs 50 kDa, 5 kDa and 1 kDa is 
applied and the different retentate and permeate streams characterized regarding molecular weight 
using GPC, total solids, ashes and total phenolate compounds quantified by HPLC-UV. The 
efficiency of the membrane process is evaluated in terms of understanding the relevance of 
reversible and irreversible fouling on the membrane productivity observed. 
 
In Chapter 6, the final permeates obtained in the second and third membrane stages, P5kDa and 
P1kDa,  pursues with adsorption and desorption studies onto a bed with SP700 resin after adjusting 
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the pH value to approximately 7.5-8.0. The complete saturation of the bed is performed with 
P1kDa feed stream in order to understand the maximum adsorption achieved for vanillin and 
syringaldehyde. The phenolic compounds are recovered with an ethanol:water (90:10, % V/V) 
solution and the efficiency of the adsorption process evaluated. Herein, cycles of 
adsorption/desorption of the bed are performed as well in order to investigate the regeneration of 
the SP700 resin in the perspective of its reutilization, key factor for the development of a viable 
industrial adsorption process. 
In this chapter, the potential of SFC technology to recover purified fractions of vanillin and 
syringaldehyde is also evaluated. Preliminary experiments with model solutions are applied first 
and afterwards with a real solution after being treated by membrane and adsorption processes.  
 
Finally, overall conclusions and suggestions for future work are presented in Chapter 7. 
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2. State of the art1 
  
In this chapter a literature survey about the main research advances in the recovery of vanillin and 
syringaldehyde coming from oxidation of lignin is addressed, covering various separation 
methodologies namely liquid-liquid extraction, supercritical fluid extraction, distillation, 
crystallization, membrane separation, and adsorption.  
Studies in this area started in the early years of the 20
th
 century, but in the last decades several 
processes have been suggested, mainly for vanillin separation. In the last section, an overview of 
integration of these separation processes is presented aiming to meet the final product 
requirements. Finding the ultimate industrially feasible process is still a necessary task. The most 
promising technologies and sequence of processes proposed in literature are highlighted in this 
chapter. 
 
  
                                                     
1 This chapter is based on the paper 
Mota, I. F., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E. (2016) Recovery of Vanillin and Syringaldehyde from 
Lignin Oxidation: A Review of Separation and Purification Processes. Sep. Purif. Rev., 45: 227-259. 
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2.1. Introduction 
 
Lignin is one of the main structural components of lignocellulosic materials accounting for 15% to 
30% of their dried weight. Its structure is based on phenylpropane units involved in alkyl-aryl ether 
linkages, some of them carrying phenolic hydroxyl groups. The delignification of the materials is 
the fundamental process of both wood pulping in pulp and paper industries and deconstruction of 
lignocellulosic materials in biorefineries, thus generating side streams with high lignin content. The 
main application for these lignins still is for energy production and, in the case of kraft pulping 
industries, inorganic chemicals recovery.  
Lignin has a large number of other applications as active agent in dispersing, binding, and 
emulsifying formulations, in phenolic resins, polyurethane foams, among others (1-6). Through 
oxidation of lignin under controlled conditions high added value compounds such as vanillin and 
syringaldehyde (Figure 2.1) can be produced. However, a complex mixture is obtained resulting 
from side-reactions and incomplete depolymerisation (7, 8). Discovering the suitable combination 
of purification methods is still a challenge to overcome.  
Vanillin (Figure 2.1.a) is widely used as flavouring and fragrance agent in food products, cosmetics 
as well as a starting material for the synthesis of several second-generation fine chemicals (9, 10). 
Vanillin has potential to be used as a food preservative since it possesses antioxidant and 
antimicrobial properties (11, 12). Nowadays 85% of vanillin world supply is synthesized from oil 
derived guaiacol and the remaining 15% come from softwood lignin (13). Only about 1% of the 
global demand for vanillin is assured by natural vanillin and its market value is very high ranging 
from 1200 to 4000 USD per kilogram (14).  
Synthetic vanillin constitutes an interesting alternative since it is cheaper (11-20 USD per kilogram 
(14, 15)), does not depend of natural conditions to yield considerably amounts and has a wide range 
of applications. Vanillin can be produced through means of bioconversion of lignin (16-18), 
phenolic stilbenes (19), isoeugenol and eugenol (20), creosol (21), ferulic acid (22-24), glucose 
(25), and vanillic acid (26, 27). This subject has been extensively reviewed (28, 29). Fermentation 
of ferulic acid is the only existing commercial profitable biocatalytic route for vanillin (30, 31), 
which is explored by Solvay Rhodia. Vanillin can also be produced by chemical synthesis route 
being coniferin, guaiacol, eugenol, ferulic acid and lignin the possible starting materials (28). 
Borregaard (Norway) is the single industrial producer of vanillin from the lignosulfonate oxidation 
path (31). 
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Figure 2.1 Functionalized phenolic monomers that can be found in lignin oxidized reaction 
mixtures. 
 
Syringaldehyde (Figure 2.1.d) is also used as ingredient by flavour and fragrance industry and as a 
precursor of second generation fine chemicals and drugs such as 3,4,5-trimethoxybenzaldehyde, a 
building block of the antibacterial agent trimethoprim (9). Vanillin is also a precursor of 3,4,5-
trimethoxybenzaldehyde (9) but syringaldehyde has the advantage of having already two methoxyl 
groups. This aldehyde can be synthesized from gallic acid (32), pyrogallol (33), vanillin (34, 35) or 
p-cresol (13, 36-38). Oxidation of lignin has also been studied to obtain syringaldehyde (39-45). 
The market value for this compound is about 22 USD per kilogram (15). 
Literature is extensive regarding the oxidative conversion of lignin from different origins into 
functionalized phenolic monomers. A variety of oxidation methods have been proposed and some 
reviews about the subject have been recently published (31, 46). 
Alkaline oxidation of lignin using air with or without the presence of a catalyst is the most revisited 
process. Studies from the very beginning of the 40´s and several patents (47-52) were published. 
More recently, modifications and improvements have been disclosed, bringing new highlights in 
unexplored aspects of the reaction engineering and products (31, 45, 53-57), as well as separation 
issues (31, 56, 58-61). Vanillin yields obtained from this process are usually in the range               
4-20% w/wlignin and for syringaldehyde is 5-16% w/wlignin (10, 31, 39, 42-45, 51, 53, 54, 62-64). 
The centennial company Borregaard is the single producer of vanillin by means of oxidation of 
lignosulfonates with oxygen (31). Acidic lignin oxidation has also been suggested by some authors 
(65-67), achieving similar final yields to the aforementioned method.  
p-Hydroxybenzaldehyde
Syringaldehyde
Syringic acid
Vanillic acid
Acetovanillone
Acetosyringone
Vanillin
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Several studies of electrochemical oxidation of lignin, reporting different electrode materials and 
configurations, have been published (68-72) and patented (73-77). 
The potential of other lignin oxidation processes and using new catalysts have been proposed 
employing photocatalysis (78), ionic liquids (ILs) (79, 80), mesoporous materials (81) and 
vanadium-based catalysis  (82, 83) .  
It is important to notice that despite the oxidation methods used, the lignin source has great 
influence on the obtained yields of vanillin and syringaldehyde and other phenolics like p-
hydroxybenzaldehyde, vanillic acid, acetovanillone, syringic acid (Figure 2.1) (43). Studying the 
industrial viability of the aforementioned processes is still a necessary task. 
 
 
2.1.1. Physical-chemical properties of vanillin, syringaldehyde and other relevant phenolic 
monomers present in oxidized lignin solution 
 
As already stated before, through oxidation of lignin a complex solution with functionalized 
phenolic monomers is produced along with products from incomplete depolymerisation such as 
sugars and derivatives, organic acids and inorganic compounds. Table 2.1 presents physical and 
chemical properties of some phenolic compounds present in oxidized solutions from hardwood 
lignin. Most of these compounds have similar molecular weights, acid dissociation constants in 
water, densities and melting points (84-89). Due to these similarities, the purification of each 
monomer is not effective. This is the subject of many research studies and attempts to obtain highly 
purified fractions of each monomer in an easy and cost effective manner. Vanillin has been the 
main monomer studied and syringaldehyde is beginning to earn considerable interest as well on the 
perspective of its production from renewable sources. 
Vanillin, syringaldehyde, acetovanillone and acetosyringone have very similar molecular weights 
and acid dissociation constants hampering their separation by membrane separation processes or 
other techniques based on their acidity differences (84-87, 89, 90).  
The heats of dissolution for vanillin (21.8 kJ mol
-1
) and syringaldehyde (33.3 kJ mol
-1
) (91) are not 
different enough to allow an efficient separation, as for example by crystallization. The maximum 
differences of solubility are achieved for low temperatures and concentrations of 1-11 g L
-1
 (92). 
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Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
Vanillin and syringaldehyde vapour pressures at 192 ºC, 55 torr and 14 torr (91) respectively, do 
not allow a prompt separation by distillation or rectification. Additionally, special attention must be 
given when employing distillation or any other separation techniques that require the use of high 
temperatures since these compounds have limited thermal stability. 
In the next sections, a review on the processes suggested in literature for isolation and purification 
of vanillin and syringaldehyde from aqueous solutions containing other similar compounds will be 
addressed. The main advances of each process as well as drawbacks are highlighted and, whenever 
possible, exploring and referencing studies using real oxidation mixture instead of model mixtures 
will be made. The suggested methods for vanillin and syringaldehyde purification usually comprise 
separation sequences which are presented in the last section as possible approaches, some of them 
not yet tested, to meet the final products requirements. 
 
 
2.2. Extraction processes 
 
 
2.2.1. Liquid-liquid extraction (LLE) 
 
LLE is the process of solute(s) transfer from one liquid to another liquid phase, involving the 
contact between two partially or completely immiscible liquids, formation of distinct layers caused 
by differences of density and separation and collection of the extract and raffinate streams (101). 
The distribution ratio or partition coefficient (KD) and the selectivity factor (α) are two parameters 
of great importance in LLE. KD is assigned to the distribution of a certain solute between the 
extract and raffinate streams after equilibrium, being calculated as the ratio between the 
concentrations in these two streams. Table 2.2 and Table 2.3 present selected literature data on K 
for vanillin or for other phenolics, respectively. Although for vanillin there are data for simple 
aliphatic alkanes, alkenes, nitriles, organochloride solvents, amides, and ionic liquids, with 
electrolytes or carriers, for other phenolics such as vanillic acid, syringic acid and syringaldehyde, 
the literature is more scarce. Table 2.4 presents KD and  for bicomponent mixtures of phenolics 
and for a real mixture from depolymerisation.  
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Table 2.2 Distribution coefficients of vanillin aqueous solutions for different solvents 
Solvent KD pH T (ºC) CV (mol L
-1
) Ref. 
Isopropanol 1.50 - - -
(a)
 (102) 
Butanol 27 - - - (103) 
14.16 - - - (104) 
27 1-4 - - (105) 
0.75 11-14 - - 
0.20 - - -
(a)
 (102) 
Butanol:water (50:50, % V/V) 7.00 - 30 1 x10
-3
 (106) 
Pentanol 22.50 - - - (104) 
Hexanol 30.5 1-4 - - (105) 
0.21 11-14 - - 
Heptanol 24.6 1-4 - - (105) 
0.18 11-14 - -  
Octanol 20.5  - - (107) 
 20.3 1-4 - - (105) 
 0.15 11-14 - - (105) 
 14.8  25 - (108) 
 16.6 - - - (109) 
 15.4 - 25 1 x10
-3
 (110) 
 9.8-15.5 - 25-45 5 x10
-3
 (111) 
 21.5-51.6 - 25 1 x10
-3 (b)
 (110) 
2-Octanol:TBP (50:50, % V/V)
 
2512 1 25 3.3x10
-4
 (112) 
Hexane 0.2 - - - (107) 
Hexane:water (50:50, % V/V) 0.049 - 30 1 x10
-3
 (106) 
50% Hexane + 50% TBP 65 1 25 3.3x10
-4
 (112) 
Heptane – Octylamine 50-600 8-9.5 20 5 x10
-2 (c)
 (113) 
Decane:TBP (50:50, % V/V)  3311 1 25 3.3x10
-4
 (112) 
Kerosene:50% (50:50, % V/V) 1413 1 25 3.3x10
-4
 (112) 
Benzene 3.75, 6.3 -  - (104, 107) 
Toluene 4.64, 4.1 -  - (104, 107) 
Toluene:Water (50:50, % V/V) 4.14 -  6.6x10
-3
 (114) 
Chloroform 26.5 -  - (107) 
Chloroform:water (50:50, % V/V) 22.1 - 30 1 x10
-3
 (106) 
Dichloromethane 19.20 -  - (104) 
Trichloromethane 20.22 -  - (104) 
1,2-Dichloroethane 
20.2 -  - (107, 115) 
13.10 -  - (104) 
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Table 2.2 (cont.) 
Solvent KD pH T (ºC) CV (mol L
-1
) Ref. 
Tetraalkylammonium chloride 50-100 -  - (103) 
Ethyl acetate 21.75 -  - (104) 
Butyl acetate 28.2 -  - (116) 
Acetic ether 24.8 - 30 1 x10
-3
 (106) 
Diethyl ether 6.25 -  - (104) 
Di-isopropyl ether 2.75 -  - (104) 
Methyl isobutyl ketone 29.20 - - - (104) 
 0.16 11 - -  
Pure pyridine 4.88 - - -
(a)
 (102) 
Pyridine bases 2.03     
Pyrrolidine 5.67     
Morpholine 0.14     
Pyridine bases 5.67     
Diethylamine 0.14     
Isopropylamine 0.01     
Isopropylamine 0.01    
Octylamine >600 - -  (113) 
25% [C2mim]Cl - 15% K3PO4 ATPS 36.49 - 25 - (117) 
25% [C4mim]Cl - 15% K3PO4 ATPS 
19.26- 98.08 - 15-55 3.3x10
-3 
-
4.9x10
-2
 
(117) 
25% [C4mim][N(CN)2] - 15%  K3PO4 ATPS 31.87 - 25 6.6x10
-3
 (117) 
25% [C4mim]Br - 15% K3PO4 ATPS 25.66  25 6.6x10
-3
 (117) 
25% [C4mim][CH3SO4] - 15% K3PO4 ATPS 14.63-36.19 - 15-55 3.3x10
-3
-
3.3x10
-2
 
(117) 
25%[C6mim]Cl -15% K3PO4 ATPS 49.59 - 25 6.6x10
-3
 (117) 
25% [C7mim]Cl - 15% K3PO4 ATPS 42.39 - 25 6.6x10
-3
 (117) 
25% [C10mim]Cl - 15% K3PO4 ATPS 2.72 - 25 6.6x10
-3
 (117) 
25% [C7H7mim]Cl  - 15%K3PO4 ATPS 21.31-98.69 - 15-55 3.3x10
-3 
-
4.9x10
-2 
(117) 
40% [OHC2mim]Cl - 15% K3PO4 ATPS 22.95 - 25 2.6x10
-3
 (117) 
40, 50% ACN - 10, 20% disaccharide ATPS 3.5-7.1 5.97-7.06 25 2.6x10
-3
 (118) 
40, 50% ACN - 10, 20% monosaccharide ATPS 3.5-9.7 5.69-7.00 - 2.6x10
-3
 (118) 
50% MeOH - 15% K3PO4 ATPS 166 ± 61 - - - (119) 
50% MeOH - 15% K2HPO4 ATPS 358 ± 8 - - - (119) 
KH2PO4 / K2HPO4 ATPS 14.1 ± 0.5 - - - (119) 
50% EtOH - 15% K3PO4  ATPS 351 ± 19 - - - (119) 
50% EtOH - 15% KH2PO4/K2HPO4 ATPS 15 ± 1 - - - (119) 
50% 1-Propanol - 15% K3PO4 ATPS 74 ± 1 - - - (119) 
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Table 2.2 (cont.)      
Solvent KD pH T (ºC) CV (mol L
-1
) Ref. 
50% 1-Propanol-15% K2HPO4 ATPS 78 ± 6 - - - (119) 
50% 1-Propanol-15%   KH2PO4/K2HPO4 ATPS 34 ± 4 - - - (119) 
50% 2-Propanol-15% K3PO4 ATPS 122 ± 3 - - - (119) 
50% 2-Propanol-15% K2HPO4 ATPS 114 ± 3 - - - (119) 
50% 2-Propanol -15% KH2PO4 / 50%  
2-Propanol-15% KH2PO4/K2HPO4 ATPS 
15 ± 2 
- - - (119) 
Water-Acetone-CO2  
(liquid-Liquid-Vapor) 
2.5 - 40 - (120) 
2.35 - 60 - 
      
a) Prepared mixture contains 3.4% V, 2.4% NaOH, 14.2% Na2SO4, 2.9% Na2CO3 and 77.1% H2O; b) With electrolytes; c) 
With different concentrations of octylamine; 
CV: Vanillin concentration; TBP: Tributyl phosphate carrier; TBP is a suitable complexing agent for vanillin recovery 
from aqueous solutions since it increases the extraction efficiency; ATPS: Aqueous two-phase systems; ACN: acetonitrile; 
EtOH: Ethanol;  
Ionic Liquids: [C2mim]Cl: 1-Ethyl-3-methylimidazolium chloride; [C4mim]Cl: 1-Butyl-3-methylimidazolium chloride; 
[C4mim]Br: 1-Butyl-3-methylimidazolium bromide; [C4mim][CH3SO4]: 1-Butyl-3-methylimidazolium methylsulfate; 
[C4mim][N(CN)2]: 1-Butyl-3-methylimidazolium dicyanamide;  [C6mim]Cl: 1-Hexyl-3-methylimidazolium chloride; 
[C7mim]Cl: 1-Heptyl-3-methylimidazolium chloride; [C10mim]Cl: 1-Decyl-3-methylimidazolium chloride; [amim]Cl: 1-
Allyl-3-methylimidazolium chloride; [C7H7mim]Cl: 1-Benzyl-3-methylimidazolium chloride; [OHC2mim]Cl: 1-
Hydroxyethyl-3-methylimidazolium chloride 
 
The capability of separation between two solutes is described by the selectivity factor αij between 
solutes i and j, assessed by the ratio between the partition coefficients of solute i (KDi) and solute j 
(KDj). Therefore, αij is strongly dependent on the magnitude of the distribution ratios. Whenever the 
selectivity factor is significantly different than one, a good separation between the two targeted 
solutes is accomplished. The separation efficiency can be adjusted by using different solvents and 
aqueous phases (101). Additionally, the formation of complexes can also increase the extraction 
efficiency, since they promote an increase on ij and on mass transfer. This is particularly 
important when dealing with very dilute solutions, which is the case of vanillin and other phenolic 
monomers in the oxidized lignin medium (121-123). Some examples applied to recover vanillin 
such as complexation with bisulphite (61, 122) as well as the use of other complexing agents (112, 
113) will be later on described. 
LLE can be performed in batchwise or continuous and in co-, counter- or cross-current modes. The 
equipment arrangement (e.g. spray tower, baffle plate, mechanically stirred tower with paddles, 
reciprocating discs) is also very important since it can exert influence on solute transfer due to 
changes in the interfacial area within the extractor (101). 
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Table 2.3 Distribution coefficients for other phenolic compounds (in aqueous solution) 
resulting from lignin oxidation 
 Extracting system KD 
T  
(ºC) 
C        
(mol L
-1
) 
Other 
components 
added 
Ref. 
S Butanol:water (50:50, % V/V) 28.5 30 1 x10
-3
 - (106) 
 Acetic ether:water (50:50, % V/V) 12.4 30 1 x10
-3
 - (106) 
 Chloroform:water (50:50, % V/V) 38.4 30 1 x10
-3
 - (106) 
 Hexane:water (50:50, % V/V) 0.28 30 1 x10
-3
 - (106) 
VA Octanol 15.1-26.3 25-45 0.005 - (111) 
  26.9 - - - (124) 
 25.1 - - - (125) 
 26.3  0.001 - 
(110) 
 31.9-51.6 25 0.001 
1M, 3M LiCl 
or NaCl or KCl 
 PEG300+Na2SO4+Water 15.5±0.3 25 -  
(126) 
 
PEG300+Na2SO4+ 
5%[C4mim]Cl+Water 
46.0±3.2 25 -  
p-OHB 1-Octanol 22.9 25 - - (108) 
38.0 - - - (124) 
 Butanol:water (50:50, % V/V) 10.6 30 30 1 x10
-3
 (106) 
 Acetic ether:water (50:50, % V/V) 19.7 30 1 x10
-3
 - (106) 
 Chloroform:water (50:50, % V/V) 0.73 30 1 x10
-3
 - (106) 
 Hexane:water (50:50, % V/V) 0.063 30 1 x10
-3
 - (106) 
SA 1-Octanol 12.9 25 0.001  (110) 
  11.0    (124) 
  13.5 - -  (125) 
  13.0-18.4 25 0.001 1M, 3M LiCl 
or NaCl or KCl 
(110) 
 PEG300 + Na2SO4 16.9 25   (126) 
 23% PEG300 + 12% Na2SO4 
+ 5% [C4mim]Cl 
50.2 25   
VA: Vanillic acid; p-OHB: p-Hydroxybenzaldehyde; SA: Syringic acid; Ionic liquid [C4mim]Cl: 1-Butyl-3-
methylimidazolium chloride; PEG - Polyethylene glycol. 
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Table 2.4 Distribution coefficients and selectivity factors of phenolic compounds in mixtures 
Compounds 
Extracting 
system 
KD1 KD2 12 Observations Ref. 
V (1) and  
p-OHB (2) 
Benzene 0.17 2.1 0.08 25 ºC, 0.5 g/each (127) 
20% X222 and 
80% Benzene 
0.21 4.3 0.05 
S (1) and         
p-OHB (2) 
Benzene 0.14 2.1 0.07 25 ºC, 0.25 g of 
SYR, 0.5 g of p-
OHB 
(127)  
20% X222 and 
80% Benzene 
0.38 4.3 0.09 
50% X222 and 
50% Benzene 
1.3 11.7 0.11 
V (1) and S (2) 
95% X222 and 5% 
Ether 
2.5 7.5 0.33 
25 ºC, 0.5 g of 
VAN, 0.25 g of 
SYR 
(127)  
95% X222 and 5% 
Isopropylether 
4.3 11.3 0.38 
V (1) and 
ferAC (2) 
Diethyl-ether 3.6 0.1 36 pH 7, 30 ºC (128) 
n-Hexane 0.09 0.001 90 
Ethyl acetate 16.8 0.2 84 
Butyl-acetate 21.0 0.4 52.5 
2-Ethyl-1-Hexanol 7.0 0.005 1400 
Butyl acetate 16 - - pH 8, 30 ºC  
 10 - - pH 9, 30 ºC  
 5 - - pH 10, 30 ºC  
 2 - - pH 11, 30 ºC  
 0 - - pH 12, 30 ºC  
Mixture of 
monomers 
a
  
Diethyl ether - - 0.42* - (129) 
Dichloromethane - - 0.51* 
Toluene - - 0.72* 
Ethyl acetate - - 0.35* 
4-Methyl-furan - - 0.54* 
V: Vanillin; S: Syringaldehyde; p-OHB: p-Hydroxybenzaldehyde; ferAc - Ferulic acid; X222 – Shell X222 solvent 
mixture; a) Coming from acidified aqueous phase of base catalysed depolymerisation reaction of a lignin-rich feedstock 
containing catechol, 3-methoxy catechol, phenol, 4-methyl catechol, vanillin, guaiacol, syringaldehyde, acetovanillone, 
syringol, 4-ethyl catechol; * Ratio between total mass of extracted and identified monomers and the total mass of rich 
fraction 
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Microreactors are known for their superior heat and mass transfer characteristics, enhanced 
surface-to-volume ratio, steady laminar flow and elevated shear rates. In an attempt to take 
advantage of these characteristics, the performance of microreactors for extracting vanillin from 
aqueous solutions has been evaluated (114, 130). Fries et al. (114)  revealed that the extraction 
efficiency of vanillin with toluene in rectangular microchannels is higher than in conventional 
toluene batch extraction, which is due to the higher mass transfer of the segmented flow patterns in 
comparison with stratified ones. Assmann and von Rohr (130) demonstrated that the incorporation 
of an inert gas can improve mass transfer from 6.0 – 12 s-1 to 6.5 – 17 s-1 at flow velocities above 
0.08 m s
-1
. 
Many LLE methods have been described in literature and also in patents as a starting stage to 
obtain a crude extract of vanillin from oxidized lignin solutions or from other media such as 
fermentation broth. However, other low molecular weight phenolics are also co-extracted and 
therefore further refinement by other separation methods, such as a new solvent extraction step, 
distillation and/or crystallization must be carried out. 
Studies on extraction of vanillin and homologous have been conducted with organic solvents such 
as benzene (107, 127, 131-134), toluene (52, 107, 114, 129, 130, 135), ethyl acetate (129, 136), 
hexane (107), heptane (113), 4-methyl-furan (129), chloroform (67, 107), dichloromethane (129) 
and diethyl ether (129, 137), many of which were used for analytical purposes (53, 54, 57, 138-
140). The main drawback when applying the abovementioned solvents is the initial step of 
acidification (with H2SO4 or CO2) of the alkaline oxidized lignin medium which entails elevated 
costs due to the large amounts of acid consumed in the process. An additional disadvantage, 
consequence of the lignin precipitation, would be the partial dragging of the phenolic monomers, 
such as vanillin.  
Since the precipitated lignin is removed before the extraction, the vanillin recovery yields could be 
compromised. Craig and Logan (135) recommended the filtration of the precipitated lignin, 
followed by washing of the solids with water. The collected filtrate and washing solutions can then 
be gathered together and solvent extracted. Tarabanko et al. (116) disclosed an improved extraction 
methodology in two steps at moderate pHs (7-9), minimizing the formation of precipitated lignin, 
and using extracting agents with distribution ratios for vanillin above 10 (e.g. esters or alcohols).  
LLE yields reported in the literature for vanillin from model solutions and from real lignin and 
oxidized lignin solutions with several solvents are summarized in Table 2.5 and Table 2.6, 
respectively. These data must be carefully compared due to the different calculation bases and 
different sources of lignin and processes. Furthermore, some data available in literature are the 
outcome of a set of separation methods (e.g. extraction, distillation, crystallization) and not only 
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one extraction process, leading to alteration of the yield and purity when compared with those 
obtained by a single extraction step. 
Many organic solvents, such as alcohols or ionic liquids, as well as binary and ternary mixtures, 
have been studied for extracting vanillin (from Table 2.2 to Table 2.4). Some authors have 
demonstrated that temperature (111, 120), pH (104), and initial vanillin concentration (117)  
influence the partition coefficient KD. The increase of pH had a considerable negative impact in the 
distribution coefficient of vanillin (Table 2.2) as well as for other solvents such as butyl acetate – 
water mixtures (128). For some octanol-water systems the increase of temperature decreased the 
distribution coefficient for vanillin and vanillic acid (111). The same trend was demonstrated for 
vanillin employing the aliphatic alcohols such as butanol, heptanol, hexanol and octanol  (105). 
 
Table 2.5 Yields of extraction of vanillin from model aqueous solutions 
Solvent Yield (%) Ref. 
Chloroform 85-100 (140) 
Ethyl ether 96-100 (140) 
Benzene 40-50 (115) 
n-Butyl alcohol
a
 59.4 (121) 
sec-Butyl alcohol
a
 46.7 (121) 
Ciclohexanol
a
 33.5 (121) 
Benzyl alcohol
a
 34 (121) 
n-Amyl alcohol
a
 17.4 (121) 
sec-Amyl alcohol
a
 5.5 (121) 
50% Hexane + 50% TBP
b
 84.44 (112) 
50% Decane + 50% TBP
b
 99.99 (112) 
50% Octan-2-ol + 50% TBP
b
 98.06 (112) 
50% Kerosene + 50% TBP
b
 97.73 (112) 
ATPS: 40% ACN+20% Sugar
c
 85 - 91 (118) 
ATPS 50% ACN+10% Sugar
c
 75 - 89 (118) 
ATPS: 50% Alcohol+15% Inorganic salt
d
 98.37-99.94 (119) 
ACN: Acetonitrile; ATPS: Aqueous two-phase systems; a) 5-6 g L-1 vanillin and 25 g L-1 NaOH, 3 extraction stages; b) 
pH 1 and 25 ºC and 0.05 gvanillin L
-1; c) 25 ºC, 0.4 gvanillin mL
-1; d) 25 ºC, 1 gvanillin L
-1; TBP: Tributyl phosphate carrier. 
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Table 2.6 Extracting agents and data on vanillin or other relevant compounds recovery from 
real mixtures 
Targeted 
compound 
Source 
Extracting agent 
/ agents 
Extraction data 
Other information Ref. 
N R % KD 
V 
Alkaline 
oxidation of 
sulphite liquor 
Benzene - - - 
Overall yield 2-3 % w/wlignin 
Vanillin purity 92% and 63% 
(131) 
V 
Alkaline 
oxidation of 
sulphite liquor  
Benzene - - - 
Final solution of 2.7 – 4.7  
g Vanillin . L
-1
Liquor 
(132) 
V 
Alkaline 
oxidation of 
sulphite liquor 
Benzene - - - 
Yield: 8-9.9  % wvanillin / 
wsolids 
(133) 
V 
Alkaline 
oxidation of  
sulphite liquor 
Tertiary butyl 
alcohol 
1 65.5 1.9 - 
(141) 
Butanol 1 35.5 0.55 - 
NaV 
Alkaline 
oxidation of 
sulphite liquor 
with 30% of 
solids content 
Isopropanol or 
propanol 
1-5 
75 – 
99% 
- - 
(62) 
V 
Alkaline 
oxidation of 
sulphite liquor 
Isopropanol 
- - 
1.00 
- 
(102) 
Butanol 0.20 
Pure pyridine 2.85 
Pyridine bases 9.00 
pyrrolodine 1.22 
V 
Oxidized kraft 
black liquor 
1L aqueous 
Na2SO4 (3g.L
-1) + 
5L butanol + SO2 
1 - 2.38 
- 
(122) 
o-V 1 - 3.4 
V & S 
Oxidized kraft 
lignin 
Butanol and 
aqueous alkali salt 
solution  
- - - 
Composition: 90.4% V; 1.3% 
o-VAN; 0.3% S, p-OHB. 
0.3%; G < 1.0% 
(122) 
V 
Bioconversion of 
ferulic acid 
Methyl-tert-butyl 
ether (MTBE) 
- - - 
Final extract containing 37% 
w/w of vanillin 
(23) 
V 
Crude vanillin 
obtained from  
ferulic acid 
containing 
about19.3-19.4 
%w of vanillin 
present is 
evaporated in the 
presence of 
water) (the ethyl 
acetate 
Dichloromethane - - - 
V purity: 98.5% (NR) 
98% (R) 
Overall yield: 85%  (NR) 
94% (R) 
(136) 
Isopropyl acetate - - - 
V purity: 99% (NR / R) 
Overall yield: 80% (NR) 
83% (R) 
V purity: 98.7% (NR) 
Overall yield: 35%  (NR) 
V, S & S-
OL 
Organosolv lignin 
Methanol (in the 
presence of CO2) 
- - - 
Composition: 1% S-OL, 
0.82% V, 1.96% S 
(142) 
V: Vanillin; NaV: Sodium vanillate; o-V: ortho-Vanillin; S: Syringaldehyde; S-OL: Syringol; p-OHB: p-
Hydroxybenzaldehyde; G: Guaicaol; MTBE: Methyl-tert-butyl ether; N: Number of stages, %R: Percentage of removal; 
KD: Partition coefficient; R: With washing and recycling a portion of the V from the mother liquors; NR: not washing 
nor recycling a portion of the V from the mother liquors. *The solvent (ethyl acetate) is initially evaporated in the 
presence of water, then LLE with dichloromethane or isopropyl acetate at pH 8-9. Afterwards the aqueous phase 
containing vanillin is precipitated at atmosphere pressure, 20 ºC and pH between 4 and 7.5 
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Some organic solvents exhibit very low KD such as hexane (0.2), di-isopropylether (2.75) or 
toluene (4.1) (Table 2.2). Despite the low KD for hexane, it can yield pure crystalline vanillin (81). 
Some solvents having KD for vanillin between 25-30 are chloroform, butyl acetate, butanol and 
methyl isobutyl ketone. The best partition coefficient KD to extract vanillin was found for 50:50 
(V/V %) mixture decane:tributyl phosphate carrier (TBP) (KD = 3311) (112), followed by 50:50 
(V/V %) 2-octanol:TBP mixture (KD = 2512) (112), octylamine (KD > 600) (113) and heptane-
octylamine mixture (KD  600) (113). Other binary systems containing 15% K2HPO4 in ethanol and 
in methanol also revealed good KD values, 460 and 358, respectively (119). 
Studies employing LLE multicomponent model solutions are scarce. Table 2.4 summarizes the 
values of KD and α for binary systems and for one real mixture. From the data collected it is 
possible to conclude that the KD values for vanillin and syringaldehyde are very low (< 0.1) 
comparatively with p-hydroxybenzaldehyde in LLE with benzene, mixtures of benzene and a 
complex hydrocarbon solvent (X222, Shell). The same is observed for solvent mixtures of X222 
with 5% diethyl ether (0.33) or isopropyl ether (0.38). Vigneault et al. (129) found selectivity 
factors in the range 0.35-0.72 (Table 2.4) for monomers from a depolymerisation mixture using 
different organic solvents.  
The selectivity for vanillin relative to ferulic acid is also the subject of some studies with major 
interest for the biosynthesis of vanillin from ferulic acid. Through the data gathered in Table 2.4 it 
is possible to observe that the relative selectivity factor for vanillin is higher than 36. The solvent 
exhibiting the highest affinity is 2-ethyl-1-hexanol (1400). However, solvents such as ethyl acetate 
and butyl acetate combine high vanillin KD (16.8 and 21.0, respectively) and high selectivity factors 
(84 and 52.5, respectively). Although n-hexane has selectivity for vanillin (ij of 90), the vanillin 
KD value is very low (0.09). 
LLE with alcohols was suggested by many authors as a means to avoid the acidification stage to 
convert vanillate (produced in the alkaline oxidation) to vanillin. Some examples go back to the 
middle of the last century: propanol (62), isopropanol (62), t-butanol  (141), and butanol (121, 122, 
143). Other immiscible alcohols have been also referenced as shown in Table 2.5. More recently 
Kaygorodov et al. (105) demonstrated the potential of C6-C8 aliphatic alcohols to extract vanillin. 
From Table 2.2 to Table 2.4 it is include some literature data regarding KD and  values employing 
alcohols as the extracting agent.  
Studies on vanillin extraction from model solutions with different alcohols showed KD ranging 
from 14 to 30.5, with hexanol providing the highest KD. Octanol was extensively studied for 
vanillin (Table 2.2) and for other functionalized phenolic monomers (Table 2.3).  According to the 
published data, at 25 ºC, KD was higher for vanillic acid (26.5), followed by p-
hydroxybenzaldehyde (22.9), vanillin (15.38), and syringic acid (12.5). One can infer that octanol 
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is not an advantageous choice to selectively extract vanillin from a mixture of lignin products due 
to the lower KD in this solvent comparatively to other phenolic compounds.  
Additional studies have been performed in order to improve the selectivity and performance of this 
solvent to extract vanillin by adding electrolytes such as LiCl, NaCl and KCl (Table 2.2). LiCl was 
the one with greatest influence on KD value leading to increases of 3.35-fold, 1.94-fold and 1.47-
fold for vanillin, vanillic acid and syringic acid, respectively, in comparison with single octanol.  
Alberda (102)  showed that amine derivative solvents in alkaline media had better performance for 
extracting vanillin than the alcohols isopropyl and butanol (Table 2.2 and Table 2.3).  For real 
oxidized mixtures (Table 2.6) pyridine bases manifested a KD of 9. 
Concerning extraction yields of vanillin from model aqueous solutions in several solvents, Table 
2.5 presents the most relevant data. In the literature that goes back to early decades of the last 
century, propanol  (62, 121) and isopropanol (62) reveal to be better than higher alcohols. From the 
overall reported data, conventional organic solvents have some important disadvantages such as 
low KD (e.g. hexane, toluene), toxicity (e.g. benzene), solubility of the extractants in water (e.g. 
butanol, benzene, butyl acetate) and low efficiency associated with low recovery yields (e.g. some 
alcohols described in Table 2.5 provide low vanillin recovery yields (<35%) and poor phase 
separation (e.g. benzene)). Some solvents having reasonable distribution coefficient (e.g. 
chloroform, octanol) have shown low selectivity for vanillin. Other solvents (e.g. diethyl ether, 
dichloroethane, carbon tetrachloride) have been studied and proved to be unsuitable for the purpose 
of vanillin recovery (115, 144).    
The formation of vanillin complexes with octylamine (113) or with tributyl phosphate (TBP) 
(112) has been proposed as a procedure to enhance extraction efficiency of vanillin. Tarabanko et 
al. (113) suggested octylamine in heptane as a way to improve the selectivity for vanillin due to 
the additional solvent affinity for phenolic groups besides the carbonyl groups. Herein, the vanillin 
reacts with the octylamine forming a Schiff base which is subsequently extracted into the heptane 
phase. The authors demonstrated that at the optimum pH (8-10), KD reaches to about 600 (Table 
2.2). 
Recently Zidi and Jamrah (112)  reported an improved solvent extraction process for vanillin at 
low pH, using decane:TBP and 2-octanol:TBP (50:50, % V/V) in kerosene aiming to develop a 
stable supported liquid membrane system which led to K values about 5.5-fold and 4.2-fold, 
respectively, higher than those obtained by Tarabanko et al. (113). 
Many vanillin LLE studies have been performed, in particular to avoid prior acidification or 
concentration steps of the lignin rich media. The distribution ratio of vanillin, selectivity and yield 
have been improved by complexing agents (112, 113) and electrolytes (102). Attempts to overcome 
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stripping and/or extractant recovery problems are being made resorting to aqueous two-phase 
systems (ATPS) and ILs. In the following sub-sections 2.2.2 to 2.2.5 other studied approaches will 
be addressed. 
Bisulphitation is the conversion of vanillin and other compounds carrying carbonyl groups into 
water-soluble bisulphite complexes by reaction with SO2 (48, 121, 122, 131, 134, 145). This 
process is the basis for extractive bisulphitation of vanillin as reported by Major and Nicolle (122).  
The purification of vanillin using the bisulphite technique is an ancient method. One of the first 
reports dates back to 1904 (137), proposing a first step of evaporation, then a CO2 acidification 
followed by LLE with ethyl ether and then bisulphitation. Several other authors have been working 
on bisulphitation with numerous variants and improvements. The sequence of processes 
encompassing a bisulphitation step proposed by Sandborn (121) is shown in Figure 2.2.  
 
Sandborn (121)  Servis (143) Major and Nicolle (122) 
 
Figure 2.2 Comparison between Sandborn (121) , Servis  (143) and Major and Nicolle  (122) 
proposed extraction processes to yield pure vanillin. The dashed rectangles indicate 
additional techniques recommended by the authors. 
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After solvent extraction of the oxidized liquor with butanol, the author proposed a distillation step 
and the treatment of the crude vanillin extract by a bisulphitation process with SO2 coming from 
sulphurous acid (H2SO3) followed by further purification processes. Some improvements were 
studied and suggested by other researchers (122, 143, 146).  
Servis (143) (Figure 2.2) upgraded the method of Sandborn (121) by replacing the distillation stage 
of the aqueous-butanol extract with a counter-current extraction by means of a weak aqueous 
solution containing about 2-10 g L
-1
 of NaOH or KOH, saving steam costs and avoiding vanillin 
losses with heating.  
Later on, Major and Nicolle (122) introduced the extractive bisulphitation by the formation of 
bisulphite complexes in the presence of an extracting solvent (e.g. butanol). The sequence of 
purification proceeded as disclosed in Figure 2.2.  
 
 
2.2.2. Aqueous two-phase solvent systems (ATPS) 
 
Studies of ATPS for separation and purification of several high added value biomolecules are 
increasing remarkably (117-119, 147-149) due to their versatility, high efficiency, selectivity, and 
fast mass transfer rates, being relatively simple to implement at industrial scale. Nonetheless, some 
drawbacks must be overcome depending on the type of ATPS such as chemical changes of the 
targeted compound that compromise its added value, high viscosity of some polymer-based 
systems, and high cost. Some studies regarding the application of ATPS for vanillin recovery have 
been performed with a wide diversity of systems using inorganic salts, sugars and ionic liquids (IL) 
(117-119) as depicted in Table 2.2. IL-ATPS-based systems are discussed in detail later.  
The partition of aqueous solutions of vanillin with ATPS composed by an alcohol and an inorganic 
salt was investigated by Reis et al. (119). Vanillin distribution coefficients were obtained for ATPS 
composed by a 50% alcohol solution and 15% of an inorganic salt solution at 25 ºC and 
atmospheric pressure. The authors demonstrated that vanillin preferentially migrates to the alcohol-
rich phase and the highest K obtained was corresponding to the ATPS composed by 50% ethanol 
and 15% K2HPO4 solution. The other distribution coefficients obtained are shown in Table 2.2. 
Vanillin recovery yields for all ATPS studied were between 98.4% and 99.9% (Table 2.5).  
Cardoso et al. (118) have demonstrated the potential of carbohydrate-acetonitrile-based ATPS for 
extracting vanillin. Carbohydrates can be suitable substitutes to the conventional salts inducing an 
effect similar to the salting-out due to their hydration capacity, also known as “sugaring-out” effect. 
Several carbohydrates were considered in this study such as monosaccharides (glucose, mannose, 
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galactose, xylose, arabinose and fructose) and the disaccharides sucrose and maltose. It was shown 
that vanillin has more affinity for the acetonitrile phase and its distribution coefficient is influenced 
by the hydration capacity of each sugar given by the number of hydroxyl groups and 
stereochemistry. The authors managed to attain vanillin recovery yields of 75% and 91% in just 
one step (118). The maximum K was attained using mannose (9.8) and xylose (8.7). Table 2.2 
summarizes the conditions and the different K values obtained by Cardoso et al. (118). 
 
 
2.2.3. Ionic liquids (ILs) 
 
ILs have been indicated as holding great potential for recovering several biomolecules of interest 
namely amino acids  (150) proteins (151), alkaloids (152), among others (153, 154). ILs constitute 
a fascinating approach due to their interesting physical and chemical properties such as low 
volatility, flammability and vapour pressure, extraordinary solvation capability, high thermal 
stability and selectivity (154, 155). Some ILs have good affinity for organic compounds and their 
polarity, hydrophobicity, viscosity, and other physical and chemical properties can be easily tuned 
as desired  (154). On the other hand, some ILs can be toxic and/or manifest incompatibilities with 
certain materials (121), among other disadvantages (156, 157).  
The potential for ILs in the extraction of vanillin has been considered as an alternative to organic 
solvents by Cláudio et al. (117). Vanillin distribution coefficients K were assessed on IL-based 
ATPS systems composed by imidazolium-based ILs, water and the inorganic salt K3PO4, studying 
the influence of anionic and cationic structure of the IL, equilibrium temperature (15-55 ºC) and 
vanillin concentration (0.5-7.2 g L
-1
). Vanillin has preference for the IL-rich phase due to 
favourable interactions and due to the lower surface tension of the IL phase. The authors showed 
that vanillin extraction is more efficient for IL with salting-in inducing behaviour (low charge 
density ions). Therefore all distribution coefficients are higher than the unit, ranging from 2.7 to 
98.7, as summarized in Table 2.2. 
The highest distribution coefficient for studies performed at 25 ºC and 1.0 g L
-1
 of vanillin, the 
most studied condition, was obtained for [C6mim]Cl (49.59, see Table 2.2).  
Cost, desired purity, water content, type of by-products and recycling/reuse issues are some of the 
variables that should be carefully studied in each application when considering an industrial 
application of ILs (157). The development of green ILs is still a task to overcome and their 
recovery to reuse also requires more research efforts (154, 155). There are no studies for LLE of 
syringaldehyde employing ILs or IL-based ATPS systems.  
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2.2.4. Gas-expanded liquid extraction and other gas liquid extraction processes 
 
Eckert et al. (142) studied the extraction of vanillin, syringaldehyde and other low molecular 
weight compounds through gas-expanded liquid extraction. Methanol is used to dissolve an 
organosolv lignin and the solution is next loaded into an equilibrium cell where CO2 is added to 
promote precipitation of the higher molecular weight lignin fractions. During this precipitation 
process, three phases are generated, and the low-molecular weight compounds, soluble in the 
liquid-phase, are collected by means of a high pressure valve. Starting from an organosolv lignin 
solution in methanol the authors manage to extract 1% syringol, 0.82% vanillin and 1.96% 
syringaldehyde (at 13 bar and 25 ºC). 
Adrian et al. (120) developed a method for extracting thermally sensitive high value compounds by 
using two miscible liquids (at atmospheric pressure, e.g. water and water-soluble organic solvent 
such as an alcohol or a carboxylic acid) into two liquid phases by pressurization with CO2 at near 
critical conditions. This phenomenon is also designated as salting-out with a gas (123). A ternary 
system water-acetone-CO2 in high pressure liquid-liquid-vapour equilibrium was studied for 
partition of vanillin at 40 ºC (26 - 70 bar) and 60 ºC (37 - 89 bar). Vanillin preferentially migrated 
to the organic phase and the maximum K attained was 2.5 for 40 ºC. For 60 ºC the K was 2.35 
revealing that the temperature has low impact on the vanillin K. 
Although gas expanded liquid extraction involves lower operational pressures than supercritical 
systems, the energy required for compression of gases must be considered for the development of a 
sustainable and green process. 
 
 
2.2.5. CO2 extractions in supercritical conditions 
 
Supercritical carbon dioxide (sc-CO2) fluid extraction is a particular case of LLE distinguished by 
operating with CO2 at temperature and pressure above the critical point (cp), presenting higher 
diffusivity (it can penetrate into the matrix as easily as a gas) and, at the same time, lower density, 
viscosity and surface tension than an organic solvent (158, 159).  
Phenolic compounds can be highly soluble in CO2 (97, 160) depending of intra- and intermolecular 
interactions amongst the compounds present in the feed mixture. The type and position of the 
aromatic ring substituents have great influence on the solubilities in sc-CO2 soluble compounds. On 
one way, the intermolecular hydrogen bonding strengthens the solute-solute interaction thereby 
drastically reducing their solubility. On the other hand, different effects from the intramolecular 
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hydrogen bonds can be used to separate isomers. Skerget et al. (97) performed a study about solid-
liquid phase transitions and equilibrium sc-CO2 solubilities of vanillin, o-vanillin, ethylvanillin and 
o-ethylvanillin. All of these compounds possess three functional groups: aldehyde and hydroxyl in 
ortho or para position and an alkoxy group in the meta position. In this work it was demonstrated 
that the presence of a hydroxyl group in the ortho position favours the solubility and, therefore,    
o-vanillin and o-ethylvanillin are more soluble than the respective isomers while methoxyl or 
ethoxyl group at meta position does not influence the solubility. The authors disclosed solubility 
data at 40 ºC, 60 ºC and 80 ºC covering a pressure range from 80 to 310 bar and concluded that 
efficient separation among isomers can be accomplished at 40 ºC and 300 bar. 
Vanillin extraction from different sources like vanilla beans (161), oxidized lignin solutions (138, 
162-165), and broths of bioconversion of ferulic acid (166) has been reported. Some studies were 
also performed with vanillin model solutions to understand the solubility properties, extraction 
capabilities and other relevant vanillin-CO2 system characteristics (97, 167-170).  
sc-CO2 fluid extraction was first implemented for the withdrawal of flavour and aroma compounds 
from vegetable matter. Vitzthum and Hubert (171) in 1980 proposed a two-step extraction process 
for vanillin extraction from vanilla pods: a first extraction with dry sc-CO2 for 4 hours at 403.5 bar 
and 45 ºC, followed by wet CO2 extraction for 6 hours at conditions bellow the critical point        
(65.9 bar and 25 ºC). The extraction yield was considerably low (10%) as well as the vanillin purity 
in the extract (28%) starting with a feed containing 3%. Nonetheless, this work gave an optimistic 
tone for applying this technology in a final stage of vanillin extraction. 
In the perspective of vanillin purification, Makin (164) disclosed CO2 fluid extraction at 
supercritical conditions to extract impurities from a crude vanillin originated from paper mill waste 
liquors. At moderate conditions (60 min, 52.7 bar, 40 ºC) about 85% of the vanillin could be 
recovered with about 93 wt% purity, starting from a crude extract containing 82 wt% of vanillin. 
The authors also have theoretically established that with multistage counter-current CO2 extraction 
(4 extraction cycles) of this crude extract it would be possible to obtain vanillin at 99.4-99.8 % 
purity. However, the higher the final purity in vanillin, the lower is the yield of vanillin recovered. 
Klemola and Tuovinen (138)  applied sc-CO2 fluid extraction to obtain vanillin from neutralized 
oxidized lignin media, as an alternative to conventional LLE. Vanillin dissolved in CO2 was 
recovered by means of fractionation promoted by gradually decreasing pressure and temperature, 
obtaining a vanillin rich fraction in the low CO2 soluble compounds fraction and another fraction 
composed of highly CO2 soluble compounds. With the extraction conditions shown in Table 6, 
96.8-98 % of vanillin yields and purities between 88-91% were obtained. These authors (138) also 
suggested multiple stages of crystallization after sc-CO2 fluid extraction and a sequential extraction 
of neutralized oxidized lignin with toluene and sc-CO2 followed by one crystallization stage.  
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Coenen and Konrad (163) recommended a multi-step extraction of vanillin comprising: 1) CO2 
extraction with temperature below the supercritical temperature and pressure in the range of 
supercritical pressure, 2) gas scrubbing with Na2SO3 aqueous solution, 3) acidification with H2SO4 
and 4) heating the solution up to 50 ºC to yield purer vanillin in the order of 91.3%. 
Recently, Assmann et al. (162) presented a microfluidic reactor as a new improvement for 
extracting vanillin from lignin oxidation products by sc-CO2 (the conditions proposed are 
summarized in Table 2.7). The extraction by the supercritical phase comprises contacting the 
aqueous solution of vanillin using a segmented flow in a microchannel. The major advantages of 
this technology are the increase of surface to volume ratio and heat and mass transfers at well-
controlled conditions (130, 168). Vanillin aqueous solution distribution coefficients in sc-CO2 at  
40 ºC increased from 0.012 to 0.222 in the range 81 to 111 bar, which is consistent with the 
increase of fluid density inflicted by the pressure rise (168). 
Many benefits come from employing supercritical fluid extraction (SFE) processes. However, this 
technology has some disadvantages that can seriously compromise its industrial application and 
sustainability. The main drawbacks are the fact that SFE is a very expensive technology, 
consequence of the special conditions required for the high pressure. Furthermore, although this 
method requires considerably less energy than the conventional purification methods, the crude 
vanillin solution must contain at least 50 wt% vanillin in order to be commercially                    
affordable (164). 
 
 
 
 
 
 
 
 
 
 
 
 
 
State of the art 31 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin  
 
 T
a
b
le
 2
.7
 C
o
n
d
it
io
n
s 
fo
r 
C
O
2
 f
lu
id
 e
x
tr
a
ct
io
n
 a
im
in
g
 t
h
e 
re
co
v
er
y
 o
f 
v
a
n
il
li
n
 o
r 
o
th
er
 c
o
m
p
o
u
n
d
s 
fr
o
m
 d
if
fe
re
n
t 
m
a
te
ri
a
ls
 
 
R
ef
 
(1
7
1
) 
(1
6
1
) 
(1
7
2
) 
(1
7
2
) 
(1
6
4
) 
(1
3
8
) 
(1
6
3
) 
(1
6
2
) 
*
 V
an
il
li
n
 y
ie
ld
 a
n
d
 p
u
ri
ty
 a
re
 t
h
e 
re
su
lt
 o
f 
co
m
b
in
in
g
 a
 f
ir
st
 s
ta
g
e 
w
it
h
 s
c
-C
O
2
 f
lu
id
 e
x
tr
ac
ti
o
n
 i
n
 t
h
e 
co
n
d
it
io
n
s 
m
en
ti
o
n
ed
 i
n
 t
h
e 
ta
b
le
 a
n
d
 p
H
 v
al
u
e 
o
f 
5
.6
, 
a 
se
co
n
d
 s
ta
g
e 
co
m
p
ri
si
n
g
 o
f 
so
lv
en
t 
sc
ru
b
b
in
g
 w
it
h
 N
a 2
S
O
3
 a
q
u
eo
u
s 
so
lu
ti
o
n
 (
7
5
 g
 L
-1
) 
p
er
fo
rm
ed
 f
o
r 
5
 h
o
u
rs
 o
p
er
at
ed
 a
t 
sa
m
e 
te
m
p
er
at
u
re
 a
n
d
 p
re
ss
u
re
 a
s 
in
 t
h
e 
ex
tr
ac
ti
o
n
 s
ta
g
e,
 a
n
 a
ci
d
if
ic
at
io
n
 t
o
 a
 p
H
 v
al
u
e 
o
f 
3
.5
 w
it
h
 
su
lp
h
u
ri
c 
ac
id
 a
n
d
 a
 f
in
al
 h
ea
ti
n
g
 s
ta
g
e 
o
f 
th
e 
so
lu
ti
o
n
 u
p
 t
o
 5
0
 º
C
. 
 
P
u
ri
ty
 
(%
) 
2
8
 
7
4
 –
 9
7
 
9
5
.6
6
 
9
5
.0
3
 
9
5
.3
1
 
8
2
.2
-9
2
.9
 
8
8
 
9
1
 
9
0
 
9
1
.3
*
 
9
3
.2
8
 
- 
Y
ie
ld
 
(%
) 
1
0
 
9
5
 
9
9
.8
 
9
5
.7
 
9
8
.5
 
7
6
.2
-9
0
.8
 
9
6
.8
 
9
8
 
9
8
 
9
1
*
 
9
7
.8
 
- 
R
a
ti
o
 A
/B
 
- 
2
 –
 6
2
 
g
C
O
2
 g
-1
v
an
il
la
 b
ea
n
 
- - - 
1
0
-3
0
 
7
0
0
 
8
0
0
 
- - - 
2
.4
 
S
o
lu
ti
o
n
 f
lo
w
 
(B
) 
- - - - - - - - - 
0
.9
5
 k
g
li
q
u
o
r 
h
-1
 
- 
5
0
 
L
 m
in
-1
 
E
x
tr
a
ct
in
g
 a
g
en
t 
fl
o
w
 (
A
) 
- - 
2
0
 k
g
C
O
2
 h
-1
 
2
2
 k
g
C
O
2
 h
-1
 
2
5
 k
g
C
O
2
 h
-1
 
- - - - 
4
.6
5
 k
g
C
O
2
 h
-1
 
2
5
 k
g
C
O
2
 h
-1
 
1
2
0
 
L
 C
O
2
 m
in
-1
 
P
 
(b
a
r)
 
1
st
 s
ta
g
e:
 4
0
3
.5
 
2
n
d
 s
ta
g
e:
 6
5
.9
 
1
0
0
-1
3
0
 
2
5
0
 
2
0
0
 
2
5
0
 
4
0
.5
-1
0
1
 
1
5
0
 
2
3
0
 
3
5
0
 
1
0
0
 
2
2
0
 
8
1
-1
2
1
 
T
 
(º
C
) 
1
st
 s
ta
g
e:
 4
5
 
2
n
d
 s
ta
g
e:
 2
5
 
3
1
 -
 3
7
 
5
5
 
5
5
 
5
0
 
3
2
-5
0
 
6
0
 
6
0
 
6
0
 
2
7
 
5
3
 
3
9
.8
 –
 5
9
.3
 
T
y
p
e 
ex
tr
a
ct
io
n
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
B
at
ch
 
C
o
u
n
te
r-
cu
rr
en
t 
ex
tr
ac
ti
o
n
 
C
o
u
n
te
r-
cu
rr
en
t 
ex
tr
ac
ti
o
n
 
T
a
rg
et
 
m
a
te
ri
a
l 
C
ru
sh
ed
 v
an
il
la
 p
o
d
s 
C
ry
o
 g
ri
n
d
ed
 v
an
il
la
 b
ea
n
s 
C
ru
d
e 
v
an
il
li
n
 s
y
n
th
et
iz
ed
  
fr
o
m
 
g
ly
co
x
y
li
c 
ac
id
 
 
C
ru
d
e 
et
h
y
lv
an
il
li
n
 s
y
n
th
et
iz
ed
  
fr
o
m
 g
ly
co
x
y
li
c 
ac
id
 
C
ru
d
e 
v
an
il
li
n
 s
y
n
th
es
iz
ed
 f
ro
m
 
eu
g
en
o
l 
o
r 
fr
o
m
 w
o
o
d
-d
er
iv
ed
 
p
ro
d
u
ct
s 
O
x
id
iz
ed
 s
u
lp
h
it
e 
 l
iq
u
o
r 
O
x
id
iz
ed
 s
u
lp
h
it
e 
li
q
u
o
r 
O
x
id
iz
ed
 l
ig
n
in
 s
o
lu
ti
o
n
 
32 Chapter 2 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
2.3. Crystallization, precipitation and evaporation 
 
Crystallization is commonly used as a final stage of purification of several food or pharmaceutical 
products (173). This technology consists in a solid-fluid separation in which crystalline particles 
are produced from a homogeneous fluid phase. The processing conditions must allow good 
separation between phases (173, 174) and produce pure crystals of a compound at elevated yield 
while preserving their biological activity, flavour and/or odour (173). 
Usually, water, alcohols or solvent mixtures are employed to promote crystallization. If water is the 
additional solvent then the separation process is designated as watering-out. When an organic 
solvent is added to an aqueous salt solution the process is named as salting-out (173).  
In order to understand the dominant process variables in the crystallization mechanism of vanillin, 
several studies with model solutions have been published giving more enlightenment about the 
influence of solvents, nucleation and presence of additives in vanillin crystallization and purity 
levels attained (175-178). The propanol:water systems are the most studied because they are widely 
used in industry (175-178). 
Most of the works referring to vanillin, suggest crystallization as the preferred final stage for 
vanillin purification. Proposed methods to deal with more complex mixtures are based on the 
differences of solubility either due to solvent composition or/and temperature changes. This task 
can be very arduous since the mixture would contain very similar compounds with tiny differences 
of solubility. Table 2.8 presents some examples of crystallization processes to recover 
functionalized phenolic monomers from the oxidized lignin reaction media. So far, proposed 
vanillin purification processes employing crystallization manage to accomplish a vanillin purity 
ranging from 96 to 99.6 % and yields above 83%.  
Water, methanol and acetone (pure or solvent aqueous mixtures) are the most common solvents 
suggested in the purification of vanillin and other relevant compounds (138, 179, 180)). Aqueous 
ethanol solutions were also employed by Liu et al. (172). Fractional precipitations with aqueous 
solutions of zinc or magnesium salts have also been suggested (179, 181).  
Crude vanillin refinement through crystallization was proposed in 1962 by Schoeffel (179) 
involving two main stages of dissolution in aqueous methanol and one in water. The supernatant of 
the first crystallization stage was also treated to recover vanillin  by a multi-step sequence which 
was later on simplified by Gitchel et al. (181) using successive treatment of the crystallization 
mother liquors with  alkali-metal hydroxide and zinc salt solutions to yield its respective insoluble 
salt, followed by bisulphitation and distillation, yielding similar vanillin purities. 
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Table 2.8 Examples of crystallization processes proposed to recover functionalized phenolic 
monomers from the oxidized lignin reaction media 
Solvents /  
steps employed 
Target 
solutions 
Target  
compound(s) 
Achieved 
Ref. 
purity yield 
Sequential LLE and 
precipitations with 
magnesium salts 
Supernatant after crystallization 
with 40% aqueous methanol 
V 97 - (179) 
Sequential addition of 
alkali-metal hydroxide and 
zinc salt 
Mother liquors (40% methanol)  
containing 90% V, 6% p-OHB, 
2% 5-fV and 2% OV 
5-fV (stage 1) 80% - (181) 
V (stage 2) 72% - 
V (stage 3) 96% - 
Hot hydrocarbon 
extraction with AMSCO 
LEP
a
 solvent (W-3) 
containing parafins (51%), 
C5-C6 naphthenes (24%), 
C8-C12 aromatics (18%) 
and dinaphthenes (6%) and 
crystallization promoted by 
dropping the temperature 
to 20 ºC 
Oily phase of the distillation 
residue from  previous 
extraction of oxidized sulphite 
liquor (containing about 65% 
vanillin) 
V 93.2% 83%. (182) 
Water Oxidized sulphite liquor after 
sc-CO2 extraction 
V Stage 1: 8.32% 
Stage 2: 99.58 
- (138) 
OG Stage 1: 1.24% 
Stage 2: 0.25 
- 
S Stage 1: 0.05% 
Stage 2: 0.02% 
- 
Oxidized sulphite liquor after 
toluene and sc-CO2 extractions 
V 97.54% - 
OG 2.19 - 
S 0.01 - 
Ethanol Crude vanillin synthesized  
from glycoxylic acid and 
submitted to SFE 
V 99.99 94 (172) 
Crude ethylvanillin synthesized  
from glycoxylic acid and 
submitted to SFE 
EV 99.96 94 
20% Ammonia aqueous 
solution and sulphuric acid 
Extract obtained after bisulphite 
extraction of oxidized aspen 
wood 
V 97-98% 
> 
90% 
(61) 
S 98.5-99% 
a) AMSCO LEP is a hydrocarbon solvent; V: Vanillin; 5-fV:  5-Formyl vanillin; OG: Acetoguaiacol; EV: Ethylvanillin; 
OV: Acetovanillin; p-OHB: p-Hydroxybenzaldehyde 
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In order to substitute the complex purification steps suggested at that time to yield a highly purified 
fraction of vanillin, Diddams and Renaud (182) proposed extractions with a hot hydrocarbon 
solvent at 70 ºC and a cooling step to 20 ºC to precipitate vanillin. In one of the examples given by 
the authors in their patent (182) the average vanillin content is 93.2% after 13 extraction cycles 
with hydrocarbon solvent performed to the vanillin enriched phase after methanol stripping, 
reaching a total extraction yield of 83%. 
Separating vanillin from syringaldehyde through one single step of crystallization is a difficult 
process and sequential precipitation processes such as the ones suggested by Schoeffel (179) and 
Gitchel (181) can be a very arduous task. Creighton et al. (134) isolated syringaldehyde with good 
yields by means of one-stage precipitation with ethanol and gradual addition of ammonia. Vanillin 
was recovered at low yields from the resulting supernatant by evaporation, extraction with ether, 
and precipitation by a new addition of ammonia. Similar approaches were followed by Zhang et al. 
(183) and Deng (184). Based on the same principles, Tarabanko et al. (61) accomplished vanillin 
and syringaldehyde purification: after LLE and bisulphite extraction of oxidized aspen wood, 
ammonia aqueous solution is applied to selectively precipitate syringaldehyde. The filtered 
syringaldehyde crystals are then mixed with water, acidified, washed and dried yielding 98.5-99 % 
of purity. The acidification of the ammonia-derivative supernatant, along with the water washings 
obtained from the syringaldehyde crystallization step, led to vanillin crystals of 97-98 % purity.  
Tarabanko et al. (61) proposed an additional separation method for syringaldehyde and vanillin 
based on LLE or crystallization after treating the initial mixture with aqueous-potassium carbonate 
solutions. Potassium vanillate and potassium syringate enhance solubility differences and 
consequently allow a more efficient LLE or crystallization.   
Evaporation used to concentrate dilute solutions also produces crystals that can be washed and 
separated from the slurry through centrifugation or filtration. Some authors have suggested 
evaporation of the lignin solution prior (62) or after (61) LLE, or any other separation method, as a 
means to concentrate the solution/extract. 
 
 
 
 
 
State of the art 35 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin  
 
2.4. Membrane separation  
 
Membrane separation is a process where a feed stream passes through a semipermeable barrier and 
is separated into two streams (permeate and retentate streams - Figure 2.3.a) while at the same time 
the transport of some compounds is selectively restricted.  
(A) (B) 
 
 
Figure 2.3 Conventional membrane separation (A) and pervaporation coupled with sample 
condensation (B) schematics.  
 
Regarding the type of operational driving force, membrane processes can be classified in: i) 
pressure driven operations (microfiltration, ultrafiltration (UF), nanofiltration (NF), reverse 
osmosis, gas separation); ii) concentration driven operations (dialysis, osmosis and forward 
osmosis); iii) operations with electric potential gradient (electrodialysis, membrane electrolysis and 
electrophoresis); and iv) operations with temperature gradient (membrane distillation and 
pervaporation). The main advantages associated with membrane separation processes are their low 
energy requirements when comparing with other separation methods and, in some cases, good 
fractionation capability without resorting to any reagent or solvent as in LLE process. 
Pervaporation (Figure 2.3.b) has an additional advantage over distillation since it allows the 
separation of compounds with similar boiling points in mild conditions with less energy 
consumption. The use of membrane contactor processes has the benefit of being easily controlled 
with independent liquid fluid dynamics and possessing good mass transfer due to high contact 
areas. 
In the perspective of separation and purification of oxidized lignin streams, subsection 2.4.1 
summarizes studies related with pressure driven processes encompassing ultrafiltration (UF) (60) 
and nanofiltration (NF) (185). For vanillin recovery from fermented broths, pervaporation (186-
188) and membrane contactors (128) have been proposed as well, and is addressed in subsections 
2.4.2 and 2.4.3, respectively. 
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2.4.1. Ultra and Nanofiltration 
 
Membrane separation has been long suggested by many authors as a way to fractionate and 
concentrate components from lignocellulosic-derived streams (189-194). UF is the most 
extensively separation process studied being applied to hemicellulose separation from lignin rich 
streams (194) or to fractionate lignin (189, 191, 195, 196) or for lignin concentration  as an 
alternative to acid precipitation  (197); NF has also been studied in a sequential process for small 
organic molecules or inorganic chemicals elimination (194, 195). 
To our knowledge just one study is related with the application of membranes to the real oxidized 
lignin solution. This study was performed by Werhan et al. (185)  on the ethyl acetate extract of the 
oxidized reaction medium as summarized in Table 2.9. Among the 4 tested membranes, PuraMem 
S380 showed the best performance due to the higher rejections to dimers (83%) and trimers (93%) 
comparatively to monomers (38%).  
Koncsag and Kirwan (198) demonstrated the feasibility of a sequence of UF and NF membranes 
and (or) applying direct NF membrane for treating the depolymerised lignin and separate dilignols 
and trilignols from other higher molecular weight molecules resulting from enzymatic hydrolysis.  
In a perspective of process development for separation of vanillin from lignin oxidation mixture, 
Žabková et al. (60) studied the performance of ceramic UF to recover vanillin from a solution of 
vanillin and commercial lignin. Different molecular weight cut-off membranes (1, 5 and 15 kDa) 
were tested for the experimental conditions summarized in Table 2.9. For all tested membranes 
lignin was retained above 85% and vanillin transported in the permeate stream. As expected, the 
membrane with the lowest cut-off retained more lignin but with the disadvantage of having the 
lowest permeate flux, with no noticeable effect of pH on lignin retention. However, for the 
membrane with the highest cut-off, the change in pH value from near 8.5 to 12.6 promoted a 
decrease of the retention coefficient of lignin of about 9%, which is disadvantageous for the 
targeted separation. 
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2.4.2. Pervaporation 
 
In pervaporation a dense, non-porous membrane acts as a selective barrier between the liquid-phase 
feed and the vapour-phase permeate (199) which is continuously desorbed by means of vacuum or 
carrier gas stream (200). The transport through membrane is based on a solution-diffusion 
mechanism with an intense solute-membrane interaction (200) . 
Pervaporation is a suitable process for volatile compounds of low molecular size and with great 
potential for organic-water and organic-organic separations. Therefore it constitutes a very 
promising technology for the purification of vanillin or syringaldehyde. 
Pervaporation coupled with crystallization have been attempted by Zhang et al. (201) to recover 
phenol crystals in very dilute concentrations from aqueous solutions giving also good insights of 
using a similar type of apparatus to purify vanillin and syringaldehyde. 
Pervaporation process has been suggested in literature as a process to recover and/or purify vanillin 
from synthetic or bioconversion production routes and/or increase vanillin productivity (186-188). 
Böddeker et al. (187) suggested using PEBA (polyether-polyamide block-copolymer) in membrane 
pervaporation process for recovering vanillin from the bioconversion of eugenol/isoeugenol and 
managed to attain a final product with more than 99% in vanillin. The feasibility of integrating a 
pervaporation process with the fermentation of ferulic acid was demonstrated by Brazinha et al. 
(186). At the fermentation pH 7.2, vanillin is neutral while the main co-products, vanillic acid and 
ferulic acid are ionized. The authors take advantage of this difference to recover vanillin by 
pervaporation with simultaneous intensification of the fermentation. Additionally, it was 
demonstrated that vanillin production by photocatalysis of ferulic acid can be coupled with 
pervaporation to increase productivity since the synthesized vanillin is continuously removed (188, 
202, 203). 
 
 
2.4.3. Membrane contactor processes and perstraction 
 
Nowadays, new membrane systems and membrane contactors are emerging in a perspective of 
process intensification. The main concept of this type of systems is based upon the establishment of 
an interface for mass transfer and/or reaction between two phases by means of a solid, 
microporous, hydrophilic or hydrophobic polymeric matrix.  Some examples of membrane 
contactor systems are membrane strippers, membrane scrubbers, membrane extractors, supported 
liquid membranes, membrane distillation, osmotic distillation, membrane emulsifiers and phase 
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transfer catalysis. The main principles, advantages and applications are well summarized in 
literature (204, 205). 
Sciubba et al. (128) suggested a new process for treating fermented broths by hollow fibre 
membrane contactor technology where the membrane behaves as a physical interface to “couple” 
solvent extraction with the bioreactor. Based on the previous evaluation of partition coefficients of 
vanillin and ferulic acid in several solvents and analysis of the mass transfer coefficients (128), the 
authors managed to selectively remove vanillin in detriment of ferulic acid during the 
bioconversion favouring vanillin production. 
Perstraction or pertraction is a separation process where certain solutes from a liquid feed stream 
migrate through a membrane, either a nonporous polymer or a liquid, and are simultaneously 
stripped to a liquid solution. Perstraction silicon rubber membrane bioreactor (SRMBR) was 
studied by Wu et al. (206) for continuous vanillin recovery from the bioconversion of clove oil. 
This is a perstraction process employing a nonporous membrane process driven by diffusion 
mechanism, which is also suitable for incorporating in pervaporation bioreactors for separation of 
volatile organic compounds (207-209). 
Recently, Stiefel et al. (210) designed an electrochemical membrane reactor with a nanofiltration 
ceramic membrane aiming to obtain higher recovery of low molecular weight compounds with 
improved membrane production rates and permeate fluxes.  
 
 
2.5. Adsorption 
 
2.5.1. General considerations 
Adsorption is based on the interactions between the solid and the molecules in the fluid phase. 
Several adsorbent-adsorbate interactions can be involved (e.g. van der Waals, acid-base interaction, 
ionic hydrogen bond, -bond, covalent bond) and give rise to either physical adsorption or 
chemisorption. In the perspective of the recovery of an adsorbate and adsorbent regeneration, the 
interaction should allow desorption and recovery.   
Adsorption constitutes a good substitute to organic solvent extraction of vanillin with the main 
advantage of direct application on oxidized lignin solution which is usually a diluted solution of 
functionalized phenolic monomers (211). 
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Hence, the number of separation stages can be markedly reduced and the overall process can 
become more attractive due to the combined possibility to recover, purify and concentrate in food 
graded adsorbents. 
Literature is mostly related with studying the potential of a particular adsorbent using vanillin 
model solutions. Thus, these studies lack explaining the competition among vanillin and the other 
compounds present in the oxidation mixture, many of which have very similar physical and 
chemical properties. 
The next subsections provide a detailed review of literature about the type of ionic and non-ionic 
adsorbents applied with the purpose of recovering functionalized phenolic monomers from the 
mixture of oxidized lignin. Data related with model compounds solutions will also be presented 
because they positively contribute to the assessment of the potential of a given adsorbent. 
 
 
2.5.2. Ion exchange 
  
Ion exchange resins are polymer matrixes with functional group(s) that can act as cation or as anion 
exchangers, depending on their negative or positive charge, and are classified into as strong or 
weak exchangers. Existing literature using ion-exchange resins in pure phenolics and natural 
extracts is considerable (212-215). This type of resins has been also studied in the perspective of 
process intensification in the bioconversion of isoeugenol (216) or lignocellulose hydrolysates to 
vanillin (217). 
On the perspective of vanillin and syringaldehyde recovery, cation exchange process is applied to 
neutralize the compounds resulting from alkaline oxidation of lignin, thus avoiding the large 
consumption of acid that would be required by direct acidification of the solution. In accordance, 
Forss et al. (218) have demonstrated a saving of 60% of the required acid. However, a prior step 
for separation of high molecular weight fractions of lignin is required to avoid operational 
problems due to lignin precipitation with pH decrease. 
Table 2.10 summarizes the applications of ion exchange resins in the recovery of vanillin from 
oxidized lignin media. The main type of ion exchange resins studied is of cationic nature, strongly 
or weakly acidic. It is important to note that the majority of studies with the real oxidized lignin 
medium are focused exclusively in vanillin. Depending on the lignin source, a variety of low 
molecular weight phenolic aldehydes and phenolic acids are also produced. Since some of these 
compounds have polarities and properties similar to vanillin, they will probably be also adsorbed, 
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although some differentiation from vanillin would be possible due to eventual differences on 
adsorption rates. 
The first reported work with vanillin adsorption employing ion-exchange is relative to Töppel’s US 
patent 2897238 (219) in 1959 where it was attempted to improve cationic exchangers to promptly 
adsorb compounds with a carbonyl group, namely aldehydes and ketones by charging a polystyrene 
sulfonic acid cation exchanger with hydroxylammonium chloride solution, enhancing the 
interaction of the carbonyl group of vanillin through the ammonia group. Vanillin was then eluted 
with 3 M hydrochloric acid solution. This was of major importance at that time once it allowed the 
use of cheaper and physical-chemical stable cationic resins for vanillin adsorption. 
Logan (220) considered the application of a weak cation exchange process for the same purpose. 
The additional goals were to sharply decrease the acid needs for neutralization of the phenolates, 
provide the recovery and reuse of the free or combined sodium present in the mixture and, at the 
same time, regenerate the resin to its hydrogen form by employing sulphurous acid or soluble 
bisulphite. Two weak cation exchange resins were studied: Amberlite
®
 IRC-50 (from Rohm and 
Haas) with carboxylic acid exchange centres and Duolite C-63 (from Chemical Processing 
Company) with phosphoric acid exchange centres. Examples given by the author patent are focused 
in the sodium recovery and its re-utilization in lignin oxidation or other processes. Thus, no results 
regarding the efficiency of employing these resins in the recovery of vanillin are mentioned. 
Forss et al. (211, 218) explored various cation-exchange resins to simultaneously recover the 
sodium vanillate and regenerate the resin, as depicted in Table 2.10. Dowex
® 
50W-X2 and Dowex
®
 
50W-X8 showed the highest adsorption capacities of 5.4 and 5.5 kgNaV m
-3
resin, respectively. Both 
resins have a microporous PS-DVB matrix and a strong sulfonic acid functional group with Na
+
 as 
counter ion. After initial activation with 3 M NaOH, the oxidized mixture was applied into the 
packed bed and the elution of the products was attempted with water or a combination of sodium 
carbonate solutions and water. A separation of lignin, sodium and low molecular weight phenolics 
was possible because of their different elution orders, achieving a final enriched vanillin fraction. 
When changing the elution solution to sodium carbonate aqueous solution, the authors concluded 
that it only slightly influenced the elution of oxidized lignin but the adsorption of the oxidation 
products increased. However the elution time and, consequently, the elution volume also increased.  
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For Dowex® 50W-X2 resin, the recovery yields of vanillin were in the range 73.2-95.4 %, 
according to the initial feed volume while for Dowex
®
 50W, X8 recoveries in the order of 95% 
were achieved, as well as a considerable enrichment of vanillin (initially 4.3% to a final value of 
21.3%) (211). An additional advantage presented within this work is the reduction of the amount of 
sulphuric acid necessary to neutralize the enriched sample: from  5.0 kg of H2SO4 / kg of vanillin to 
1.1 kg of H2SO4 / kg of vanillin (which represents only 22% of the initial amount of acid consumed 
to neutralize the oxidized spent sulphite liquor) (211). 
Fargues et al. (54) employed a cationic resin Duolite C20 from Rohm and Haas to recover vanillin 
from the oxidized media. Some data obtained by these authors are summarized in Table 2.10. This 
resin presented an adsorption capacity of 0.518 mg g
-1
dry resin at 20 ºC. 
The application of a strong cationic resin in H
+
 form  for the recovery of vanillin directly from the 
alkaline solution was explored by Žabková et al. (59) testing Amberlite® IR120 (Rohm and Haas). 
The authors reported a capacity of 806 mg g
-1
dry resin, which is considerably higher to the capacity 
obtained by Fargues et al. (54). This study demonstrated that the concentration of vanillin and 
sodium, as well as pH have great impact in the performance of the ion exchange process and, 
therefore, these factors must be carefully considered for its application in real oxidation lignin 
solutions. The novelty was the evaluation and modelling of the process of vanillate conversion to 
vanillin in alkaline lignin solution by an ion-exchange process. Since the pH changes during this 
process, lignin and partially depolymerised lignin must be previously separated from the other 
compounds in order to avoid precipitation of the solution. In this study, a preliminary fractionation 
by UF of the oxidation mixture to remove the polymeric/oligomeric lignin was suggested as a 
solution to overcome the precipitation problem, besides the inherent advantage of the fractionation 
by itself. 
Recently, Stecker et al. (74) suggested an anion exchange process for vanillin, acetovanillone, 
vanillic acid and guaiacol produced by alkaline electrochemical oxidation of lignin. The authors 
highlighted the advantage of using the continuous process to remove vanillin during the 
electrochemical oxidation step, as an intensification approach. This possibility was demonstrated 
by employing the anion exchange resin Amberlite® IRA402 OH (Dow) where vanillin and the 
other adsorbed monomers were eluted with 2% hydrochloric acid in methanol solutions. A global 
recovery yield of about 2.5 wt% (based on the starting kraft lignin) was accomplished. It is 
important to mention that this yield is the result of 5 cycles of electrochemical oxidation. Other 
anion exchange resins were evaluated regarding their vanillin desorption rates from model alkaline 
solutions such as Dowex Monosphere
®
 550A OH (Dow), Reillex
®
 HPQ Cl
-
 (Sigma Aldrich), 
Ambersep
®
 900 OH and Amberlite
®
 IRA910 Cl (Dow). Therefore, batch experiments with 50 mg 
of vanillin in NaOH 1 M per g of resin (for each resin listed above) were performed and eluted with 
10% HCl in methanol solution. The resins with the highest recovery rate were Dowex
®
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Monosphere 550A OH and Amberlite
®
 IRA 402 OH with 90.5 wt% and 86.6 wt% of vanillin 
recovery, respectively. For the other tested resins, the recovery achieved was in the range 60-70%. 
Schmitt et al. (72) studied the recovery of vanillin by adsorption on a strong basic anion resin using 
ethyl acetate:acetic acid (80:20, % V/V) as the eluent solvent. They have demonstrated that the 
inclusion of an adsorption step after electrochemical oxidation of kraft lignin can improve vanillin 
recovery from 1 wt% (with conventional separation methods) to 1.3 wt% (lignin basis) and 
simultaneously, avoid the drawbacks associated with the conventional separation technics such as 
lignin precipitation and the use of environmental harmful chemicals. 
 
 
2.5.3. Mineral adsorbents: zeolites 
 
Zeolites are microporous crystalline solids with a three-dimensional framework and well-defined 
and regular channels and cavities of molecular dimensions, based on TO4 tetrahedron structure, 
where T is an aluminium or silicon atom. These adsorbents are found as natural minerals or can be 
produced by synthesis and modification allowing modulating pore size, hydrophilicity and acidity 
(221) for a wide range of industrial applications (222). Studies for developing zeolites with high 
affinity for organic molecules are gaining considerable interest (223). 
Several authors have demonstrated that high Si/Al ratios are responsible for turning the zeolites 
with a hydrophobic character and consequently increase the adsorption capacity for aromatics (e.g. 
phenol or vanillin) (223-225). Moreover, the water adsorption decreases as well as the competition 
between water and other solutes such as phenol for the occupation of the active sites (224). Pore 
size is also a very important feature of zeolites, acting upon the adsorption capacity of a given 
compound (225).  
The application of zeolites appears commonly associated with wastewater treatment for removal of 
phenols (223-225) and with the removal of inhibitors from lignocellulosic biomass hydrolysates 
(224). Ranjan et al. (224) demonstrated the selective removal of some fermentation inhibitors, such 
as vanillin, in the perspective of their recovery and intensification of bioethanol production. 
Desorption studies revealed that the adsorption processes are of reversible nature.  
The application of a fixed bed packed with a zeolite to recover vanillin from a fermented spent 
liquor was first advanced by Derouane and Powell (226). Zeolite Beta, Zeolite ZSM-20 or 
dealuminated Zeolite Y were the materials proposed as suitable adsorbents for vanillin recovery 
from acidified oxidation mixture due to wide pores (enough to admit vanillin molecules (>0.7 
nm)), high capacity, and low polarity. The requisites for these characteristics are a high SiO2/Al2O3 
46 Chapter 2 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
ratio (about 10/35 to 100) and low sodium content. Fixed bed adsorption and desorption 
temperatures recommended were in the range of 0-100 ºC and 20-80 ºC, respectively, and ethanol 
was suggested as a suitable desorption solvent. However, this document lacks of application data 
about the performance of the different zeolites for recovering vanillin and their behaviour towards 
other vanillin-related compounds and impurities. 
 
 
2.5.4. Non-ionic adsorbents 
 
Non-ionic adsorbent materials are mostly based on activated carbon and synthetic cross-linked 
polymeric adsorbents of hydrophobic nature and, in some cases, carrying functional groups (227). 
Attempts to find out suitable non-ionic adsorbents for selective adsorption of vanillin molecules 
have been made on a variety of solutions with model compounds (58, 228-234) or real complex 
solutions such as alkaline oxidized lignin (235), lignocellulose hydrolysates (217) or fermented 
broths coming from ferulic acid or eugenol conversions to vanillin (216, 236). 
 
 
2.5.4.1. Polymeric resins 
 
Polymeric resins are usually polystyrene-divinylbenzene copolymers, polymethacrylate polymers, 
divinylbenzene-ethylvinylbenzene copolymers, or vinylpyridine polymers. Besides the properties 
provided by the synthetic polymer itself, the surface can be derivatized thus creating a wide 
diversity of surface polarities. A wide range of synthetic resins can be found in the market. The use 
of macroporous resins in food and pharmaceutical sectors is viable due to the low or non-existent 
toxicity and to the moderated temperatures required for regeneration of these resins (237). Usually, 
the total desorption of compounds can be easily accomplished with organic solvents such as 
ethanol (229, 232).  
Regarding the hyper-cross-linked resins, some authors manage to synthesize and modify their own 
resins focusing on the adsorption of vanillin. This is the case of the anisole-modified polystyrene 
resin obtained by Jin and Huang (234), the resin modified with acetylaniline   groups (238) and the 
hydrophobic / hydrophilic macroporous polydivinylbenzene / polyacrylethylenediamine interpenetrating 
polymer networks (PDVB/PAEM IPN) disclosed by Xiao et al. (232). 
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A wide variety of cross-linked polymeric resins of hydrophobic nature were evaluated regarding 
their performance in the recovery of vanillin. Such resins have also been used for recovering 
vanillin continuously and directly from different fermentation broths during its production, thereby 
increasing the vanillin production yields (216, 217, 236, 239). Wang et al. (240) studied the use of 
several macroporous resins to recover vanillin from fermentation broth and the maximum 
adsorption capacity reported was 89.6 mg g
-1
resin with a desorption yield of 66.4%. 
To our knowledge, few studies have been carried out with real mixtures of oxidized lignin (226, 
235, 241) and most of them display insufficient information about the performance of resins used 
for added value aldehydes such as vanillin and syringaldehyde.  
Overall results showed that the application of non-ionic resins for recovering mostly vanillin is 
possible. One example is the work of Wu et al. (241) demonstrating the recovery of 93.6% of the 
vanillin from the oxidized liquors of acidic sulphite pulping.  Another successful example was 
published by Wang et al. (235) evaluating the performance of a macroporous resin for the isolation 
of vanillin and syringaldehyde from an oxygen delignification liquor, as depicted in Table 2.11. 
The authors managed to recover 96.2% and 94.7% of vanillin and syringaldehyde, respectively, 
using ethyl ether as elution solvent. Reporting the sum of vanillin, syringaldehyde and other 
compounds (mainly acetosyringone) to 100% in the desorbed solution, the relative proportion of 
each compound was: vanillin 37.5%, syringaldehyde 31.9% and others 30.6%.  
Table 2.11 summarizes the main results of different studies of adsorption and desorption, mainly 
for model solutions. It is important to highlight that the maximum adsorption capacities listed are 
obtained from different experimental conditions (initial feed concentrations, pH values, 
temperatures, solution volume and resin quantity) and therefore, these variables must be taken into 
consideration when comparing the different data. 
Among all types of resins tested, so far one of the resins that exhibited higher adsorption capacity 
towards vanillin was the one synthesized by Jin and Huang (234) accounting for                      
337.8–358.4 mg g-1. The authors produced an anisole-modified hyper-cross-linked polystyrene 
resin type which has the particularity of binding the phenolic hydroxyl group through the anisole 
oxygen atom, stating this as the main reason for the enhanced vanillin adsorption in spite of its 
lower superficial area comparatively to other resins reported in literature, such as H103 described 
in the next paragraph. 
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The macroporous resin H103 was tested towards its capacity of adsorbing vanillin by Zhang et al. 
(229) and Samah et al. (233). Different results were obtained by the two teams probably due to the 
different experimental approaches. In fixed bed experiments, Zhang et al.  (229) managed to obtain 
adsorption capacity of 416 mg g
-1
 for a feed vanillin solution of 1 g L
-1 
at room temperature and   
pH 6. Samah et al. (233) conducted batch experiments with 100 mL of vanillin solution varying its 
concentration till a maximum equilibrium concentration of 30 mg L
-1
 for 0.5 g to 5 g of resin. The 
vanillin maximum adsorption capacity obtained was about 73 mg g
-1
, almost 6-fold lower than the 
capacity observed by Zhang et al. (229). 
Temperature and pH were two variables studied in the work developed by both authors. Regarding 
the capacity of the resin H103, Samah et al. (233) reported low influence of temperature while 
Zhang et al. (229)  observed an increase of the adsorption capacity with the increase on this 
parameter. Nonetheless, after a careful analysis of the data obtained by both authors it is possible to 
conclude that these results agree: for lower vanillin equilibrium concentration (<30 mg L
-1
), the 
same behaviour was obtained, with practically no changes in the adsorption capacity with the 
temperature change. Zhang et al. (229) studied higher equilibrium concentration range and for 
values higher than 75 mg L
-1
, temperature had great impact on the adsorption capacity by favouring 
the adsorption. Concerning the effect of temperature, Žabková et al. (58) observed that the process 
of adsorption was exothermic for SP206 resin and thus, the adsorption capacity decreased with the 
increase of temperature.  
The influence of pH on adsorption in non-polar resins has been studied by several authors (58, 229, 
233). The common observation is a decrease on adsorption while increasing pH values from 3 to 8, 
which becomes more accentuated when pH reaches 10. This behaviour is attributed to changes on 
the charge of vanillin molecule for different pH values due to the presence of a hydroxyl group. 
Vanillin is a weak acid with dissociation constant (pKa) of 7.4 (85) and within pH 2 to 6 it is 
neutral. Thus, in this pH range the adsorption of vanillin onto non-polar resins is practically not 
affected. For higher pH values (> 7.4), vanillin molecules become negatively charged, decreasing 
their affinity for non-polar resins. These studies are clear evidence that the conditions and 
methodologies used to study the performance of an resin towards a certain solute are important. 
From the Žabková et al. (58) work, it was possible to conclude that the maximum adsorption 
capacity of vanillin in water for SP206 at pH 5.3 and temperatures ranging from 293 K to 333 K 
was 114.6 mg g
-1
dry resin. Using a similar resin (SP207), Zhou and Wang (243) managed to recover 
all the vanillin adsorbed (at pH value of 6 and room temperature) employing 4.5 bed volumes of 
absolute ethanol. 
Vanillin desorption from cross-linked polymeric resins was assessed by some authors using 
different solvents as depicted in Table 2.11. As for adsorption, desorption rate is very different 
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according to the type of resin or the elution solvent and conditions applied. Values for desorption 
rate reported in literature range from 80% to 100% (229, 232, 236). 
A resin with both hydrophobic and hydrophilic character was synthesized by Xiao et al. (192).  
This ambivalent macroporous PDVB/PAEM IPN adsorbs by both hydrogen bonding and 
interactions. The best desorption rate (87.8%) was achieved with a solvent composed by 80% 
of ethanol and 20% of water (Table 2.11). The addition of small amounts of acid (e.g. 1-5% HCl) 
led to a slight decrease in the desorption rate. 
 
 
2.5.4.2. Activated carbon  
 
Activated carbon materials are made by thermal decomposition of various carbonaceous materials 
followed by an activation process (244, 245), and consist of small hydrophobic layers with 
disordered, irregular and heterogeneous surfaces containing hydrophilic functional groups. Usually 
they have extremely high adsorption capacities, mainly due to their high surface area, pore volume, 
and porosity. The surface area is very heterogeneous and can hold a high diversity of surface 
charges and surface groups making them a very versatile adsorbent (246). 
Since the main application of this type of adsorbents is the removal of contaminants from 
wastewaters, high temperature, hot water or chemical regeneration is used allowing recoveries of 
95% of the initial adsorption capacity (247). However, these regeneration techniques cannot be 
used considering the perspective of the recovery of thermally unstable compounds and some 
studies with desorption using solvents are now emerging (248). Table 2.12 summarizes data 
regarding the adsorption onto activated carbon of some functionalized phenolic monomers from 
oxidized lignin media.  
The emerging interest of developing sustainable biorefinery processes (associated with reducing 
wastes and make them profitable), led to a set of studies using other by-products as natural 
adsorbents such as lignin (249), bark (250), wood (251), sawdust (252), cork (253), olive husks 
(230), fruit shells (254, 255), among many others as reviewed by Ahmaruzzaman (256) and Soto et 
al. (227). In their extensive reviews related with the adsorption of phenolic compounds, the main 
types of adsorbents tested for separation/purification are presented for phenolic compounds (model 
and real solutions) but none of the adsorbents are specific for adsorption of vanillin and 
syringaldehyde.  
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Table 2.12 Maximum adsorption capacities for adsorption of phenolic compounds in aqueous 
solution onto activated carbon adsorbents with relevance for the separation and purification 
of functionalized phenolic monomers from the oxidized reaction media 
Adsorbate 
Activated carbon characteristics Experimental conditions qm 
(mg g
-1
) 
Ref. 
Type 
aS 
(m
2 
g
-1
) 
T 
(K) pH 
Max Ce    
(mg L
-1
) 
V 
AC
1
  1000 
298 
318 
3.2 – 3.5 700 
191.41 
204.29 
(230) 
cAC
2
  1000 
298 
318 
3.2 – 3.5 1100 
93.18 
121.72 
(230) 
VA 
AC
1
  1000 
298 
318 
3.2 – 3.5 1400 
148.23 
171.46 
(230) 
cAC
2
  1000 
298 
318 
3.2 – 3.5 1200 
56.31 
85.10 
(230) 
cAC
3
 1370 293 8 2000 240 (231) 
p-OHB 
 
AC
1
  1000 
298 
318 
3.2 – 3.5 1400 
101.01 
104.55 
(230) 
cAC
2
  1000 
298 
318 
3.2 – 3.5 1600 
39.39 
59.85 
(230) 
AC
4
 967 293-313 3.4 – 3.7 350 220-226* (228) 
SA AC
4
 967 293-313 3.4 – 3.7 400 260-320* (228) 
T: Temperature; Max Ce: Maximum equilibrium concentration in adsorption experiments; qm: Maximum adsorption 
capacity; V: Vanillin; VA: Vanillic acid; p-OHB: p-Hydroxybenzaldehyde; SA: Syringic acid 
AC: Activated carbon; cAC – Commercial activated carbon; 1 – Olive husk, 2 - Acticarbon CX (Ceca SA, France), 3 - 
TE80® (Pica, Vierzon, France), 4 – Bituminous coal; 
 * Values estimated from the literature source 
 
In spite of these studies on recoveries from activated carbon, polymeric adsorbents would be 
preferred for vanillin and syringaldehyde recovery from oxidation mixtures due to their better 
mechanical resistance, diversity of structures and easiness of regeneration with simultaneous 
recovery (257-259). 
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2.5.4.3. Molecular imprinting technology 
 
Molecularly imprinted polymers (MIP) are usually obtained by polymerizing functional and cross-
linking monomers, surrounding template molecules and consequently obtaining a cross-linked 
three dimensional network polymer with selective binding properties, after removing the template 
molecules. Thus, this process has the advantage of creating binding sites with specific shape, size 
and functionalities that selectively retain the desired targeted molecules (260, 261).   
The range of applications of this technology includes separation processes (e.g. chromatography, 
adsorption, extraction, liquid membranes) (262, 263) but many others have been reported (264-
267). MIP have been used for separation of several molecules (262, 263, 268) including the 
development of sensors for vanillin quantitative analysis from food matrices (269) or its 
colorimetric detection (270). 
The development of molecular imprinting methods and different polymerization techniques to 
increase MIP capacity and specificity for vanillin has been also the focus of some studies (180, 
271-273). So far, methacrylic acid (272, 273), dimethacrylate acid (271) and acrylamide (271) 
were the functional monomers proposed, using ethylene glycol dimethacrylate acid as cross-linker, 
to produce the MIP for vanillin capture. Vanillin itself  (272, 273) and syringaldehyde (271) were 
used as template during the MIP synthesis. 
Puzio el al. (271) used syringaldehyde for MIP synthesis and determined the imprinting factors for 
vanillin (7.4) and other similar phenolics such as ethylvanillin (2.4), acetovanillone (2.3), vanillic 
acid (1.7), syringaldehyde (1.4), among others. The MIP obtained was applied to real samples and 
the authors managed to accomplish 80% vanillin recovery from vanilla pods, red wine spiked with 
vanillin and artificial or natural vanillin sugar. 
 
 
2.6. Combination of separation processes 
 
Oxidized lignin medium consists of a complex mixture of oligomers and other low molecular 
weight phenolics such as vanillin, syringaldehyde, acetovanillone, p-hydroxybenzaldehyde, and 
several phenolic acids like vanillic acid and syringic acid (31, 67). Due to chemical and physical 
similarities of these compounds, separation and purification would not be possible in one single 
separation process and, therefore, a separation train is needed. 
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In this chapter, processes to obtain purified monomers from oxidized reaction medium of lignin 
were reviewed. The majority of published literature is related with vanillin purification. Figure 2.4 
summarizes the main sequence of processes described in literature to process oxidized lignin 
mixtures, encompassing LLE, membrane separation, adsorption, distillation and crystallization. 
Vanillin and syringaldehyde represent a very small fraction of the oxidized lignin medium. So, 
evaporating the extract to concentrate these compounds would be ineffective because other 
compounds would be concentrated to higher levels. As it has already been stated, applying other 
techniques such as acidification of the oxidized medium and further extraction with volatile organic 
solvents requires high volumes of chemicals, compromises the environmental sustainability of the 
process, and is being discouraged for industrial applications. Direct extraction of the oxidized 
medium with water immiscible alcohols, like n-butyl or isopropyl alcohol, has serious limitations 
on sodium vanillate and other phenolates solubilities. 
 
 
Figure 2.4 Overview of separation and purification processes to obtain purified fractions of 
vanillin and syringaldehyde. 
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Membrane separation can be used as one of the first processes to simplify the complex oxidation 
mixture, by separating the unreacted lignin and fragments of high molecular weight from the 
monomers of interest. A membrane separation sequence or membrane cascades (274) can be very 
successful for this purpose, overcoming some current well-known limitations such as low fluxes, 
fouling and unfavourable rejections. However, other techniques must be coupled to downstream 
processing. Adsorption constitutes a good subsequent step to membrane separation once it can be 
effectively applied to dilute solutions; however, it is based on the polarity of molecules and, for 
higher degree of purification, other processes must be combined. 
Crystallization and distillation should be restricted to a final stage of the process, in the presence of 
low volume and high concentration of the desirable compound. Crystallization usually requires 
several stages, some of them involving derivatizations, in order to accomplish high purity on 
vanillin and syringaldehyde. On the other hand, distillation requires high temperatures and 
degradation of the compounds of interest can occur. Vacuum distillation (with or without an inert) 
(129, 164), fractional distillation (275), carrier steam distillation (276) and azeotropic distillation 
(277, 278) have been recommended to obtain a purified vanillin product. After distillation, other 
processes such as LLE or crystallization are often required. 
A sequence of processes seems to be the key factor to get close to the target for a sustainable 
process development aiming to recover vanillin and syringaldehyde from the other low molecular 
weight phenolics. Hence, several authors contributed with some insights about what would be the 
combination and correct sequence to achieve enriched vanillin or syringaldehyde fractions. 
However, few authors have effectively implemented and studied the sequential process proposed.  
This subsection summarizes some suggestions of sequential separations. Some sequences have 
been previously described in this document such as the ones summarized in Figure 2.2 comprising 
a bisulphitation step coupled with other processes such as distillation, crystallization and other 
LLE.  
Bryan (279) presented a US Patent sequence aiming vanillin purification by combining several 
LLE with vacuum distillation and crystallization as shown in Figure 2.5. The drawbacks associated 
with this sequence are the operating costs, reagents consumption and numerous stages involved in 
the process.  
 
State of the art 55 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin  
 
 
Figure 2.5 Sequence proposed by Bryan (279). 
 
Klemola and Tuovinen  (138) was one of the few teams that studied purification sequences on 
oxidized sulphite liquor. Sequences encompass LLE or/and SFE after neutralization of the liquor 
and one or more crystallization stages. Figure 2.6 summarizes two of the sequences studied by the 
authors along with the detailed composition of each stream obtained. As previously stated, the 
sequence has the particularity of gradually decrease pressure and temperature during SFE and also 
recycles some of the fractions back to the beginning of the extraction. Thus, compounds are 
gradually fractionated and those having lower or higher solubility in CO2 than vanillin are 
separated before or after vanillin recovery, respectively. The highest vanillin content (99.58%) 
obtained was for the sequence employing SFE and two crystallization stages. 
 
 
Figure 2.6 Sequence proposed by Klemola and Tuovinen (138). 
Is dissolved in a 
water immiscible
organic solvent
Oxidized
lignin
LLE with sodium
bisulfite solution
Acidification
with H2SO4
Heating and
SO2 stripping
with air
LLE with an
organic
solvent
Removal of
solvent by
distillation
Crystallization
Purified Vanillin
Vacuum
distillation
Oxidized 
sulphite 
liquor
1st Crystallization
stage with water
@ 50 bar and 30 ºC
2nd Crystallization stage
with water
@ 50 bar and 30 ºC
sc-CO2 extraction
@ 125 bar , 60 ºC
flow CO2/vanillin
ratio 600
sc-CO2 extraction
@ 125 bar , 60 ºC and
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Crystallization with
water @ 10 bar and
30 ºC
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Compounds %
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Others 39
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Others 0.39
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Others 0.15
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Compounds %
Vanillin 72.95 86.90 97.54
Acetoguaiacol 5.20 6.96 2.19
Syringaldehyde 0.66 0.72 0.01
Others 21.19 5.42 0.26
56 Chapter 2 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
Fargues et al. (54) suggested a sequence of processes for obtaining a refined vanillin extract. This 
work is focused on cationic-exchange process using Duolite C20 to perform a first separation. The 
overall sequence (Figure 2.7) includes the acidification with H2SO4, LLE with benzene and 
addition of sodium bisulphite aqueous solution for further vanillin re-extraction. After acidification 
with H2SO4 and SO2 stripping with air, the crude vanillin is further purified by vacuum distillation 
followed by crystallization. This proposal was not tested and therefore it lacks more information 
regarding vanillin recovery and purity at each stage. Additionally, their proposal has the drawback 
of employing benzene which is a carcinogenic agent. 
 
 
Figure 2.7 Sequence proposed by Fargues et al. (54). 
 
In a different approach, Vigneault et al. (129) published a sequence of processes for a first 
fractionation to simplify the complex mixture so that, in a second phase, the distillation and 
crystallization processes would be more effective (depicted in Figure 2.8). Initially, water is 
removed by means of adiabatic flash separators and the resulting mixture is acidified and extracted 
with ethyl acetate, evidenced by the authors to be a solvent with good performance for extracting 
the compounds of interest. The monomers-rich fraction passes onto a silica adsorption column 
aiming to retain oligomers and the eluate is then submitted to vacuum distillation between 25 ºC 
and 164 ºC producing 4 distinct fractions. The last distilled fraction (110 ºC and 164 ºC) includes 
vanillin and syringaldehyde. The liquid chromatography with silica gel of this distillate produces a 
vanillin enriched fraction and a second fraction which, after crystallization, led to an enriched 
fraction of syringaldehyde.  
Cationic exchange
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Oxidized
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Figure 2.8 Sequence proposed by Vigneault et al. (129).   
 
Borges da Silva et al. (56) designed a sequence of processes based on previous work of the team 
aiming the integration of membrane separation and ion exchange processes (Figure 2.9) with the 
reaction process of the lignin to give vanillin. It embraces an initial step of UF employing a 
sequence of tubular ceramic membranes with cut-offs of 5 kDa and 1 kDa, starting with the 
membrane with the highest cut-off. This combination would allow the fractionation of the alkaline 
reaction medium producing two valuable streams: one with high molecular weight compounds 
(mainly depolymerised lignin) and a second one with low molecular weight compounds including 
vanillin. The fraction with the low molecular weight compounds will proceed straightforward to a 
cation exchange process employing a protonated resin recovering vanillin in its neutral form. To 
finalize the separation and purification process the authors suggest the application of a final step of 
crystallization, by any known method described in literature. 
 
 
Figure 2.9 Sequence proposed by Borges da Silva et al. (56). 
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2.7. Final remarks 
 
A detailed description of separation and purification processes applied to vanillin, syringaldehyde 
and other phenolic aldehydes of interest were summarized within this review. Considerable effort 
has been devoted for long time to design processes to work-up the complex mixture resulting from 
lignin oxidation. The interest on this subject has reappeared in the last years, driven by the 
recognition of lignin simultaneously as an important side stream from biorefinery activity and an 
important source of phenolic compounds. Consequently, the focus of this review was on processes 
for extraction and purification to successfully recover functionalized phenolic monomers resulting 
from lignin oxidative depolymerisation. Some of the available literature is focused on vanillin 
isolation and purification from real alkaline oxidized lignin solutions but most of the studies deal 
with model solutions to simulate the real mixture and/or demonstrate the potential of using a 
particular separation technique for recovering a fraction of pure vanillin.  
The final purification stage of crude vanillin and syringaldehyde is very hard to accomplish 
because it contains compounds with similar physical and chemical properties. Although some 
separation processes manage to successfully recover vanillin from lignin containing solutions, most 
of them are very laborious, are high energy consuming, use environmentally harmful solvents and 
encompass great losses of material. It is crucial to provide separation processes that efficiently and 
effectively recover vanillin and syringaldehyde and, at the same time, being economic and 
environmentally safe, allow the industrial application of the aldehydes. 
In recent years, non-ionic macroreticular polymeric resins for this end have gained considerable 
interest. Although this type of resins have lower adsorption capacity for most of the organic 
compounds than the activated carbon adsorbents, the extensive variation of functionality, porosity 
and surface area open new perspectives for its use on separation of vanillin and syringaldehyde. 
MIP studies also indicate that this technology can be very promising to be applied in oxidized 
lignin media with the advantage of being specifically moulded to capture vanillin or other desired 
phenolics with great levels of selectivity and affinity. The development of new resistant and anti-
fouling membranes or cascade processes also appear interesting approaches to simplify the lignin 
oxidized reaction media and turn the application of a second separation technique (e.g. adsorption) 
more efficient and focused. 
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3. Adsorption studies of vanillin, syringaldehyde, vanillic 
acid and syringic acid in aqueous solution onto 
macroporous polymeric resins
1
 
 
In this chapter adsorption studies with aqueous solutions of vanillin, syringaldehyde, vanillic acid 
and syringic acid onto nonpolar resins are presented.  
Herein, macroporous polymeric resins XAD16N and SP700 are characterized regarding particle 
size, solid density, apparent density and particle porosity by means of laser dispersion, helium 
pycnometry and mercury intrusion porosimetry, respectively.  
Vanillin and syringaldehyde adsorption equilibrium experiments onto both resins are performed 
employing the batch bottle point method for three different temperatures 283/288, 298 and 333 K. 
Due to the adsorptive capacity towards vanillin, SP700 resin is selected to pursue with adsorption 
equilibrium studies with the phenolic acids. Batch experimental results are fitted to Langmuir, 
Freundlich and Bi-Langmuir isotherm models.   
Dynamic studies in fixed bed columns with the four compounds for different feed concentrations 
and temperatures are shown in this chapter. A mathematical model comprising the Bi-Langmuir 
equilibrium isotherm, axial dispersed plug flow, intraparticle mass transfer resistance expressed 
with linear driving force approximation with no temperature gradients and constant porosity along 
the bed is used to describe the adsorption/desorption concentration histories at the outlet of the 
fixed bed. 
 
 
 
 
                                                     
1 This chapter is based on the papers 
Mota, I. F., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E. (2016) Adsorption of vanillin and syringaldehyde onto a 
macroporous polymeric resin. Chem. Eng. J., 288: 869-879. 
Mota, I. F., Barbosa, S., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E., Adsorption of vanillic and syringic acids onto 
a macroporous polymeric resin and recovery with ethanol:water (90:10, % V/V) solution (draft in preparation). 
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3.1. Introduction 
 
Vanillin, syringaldehyde, vanillic acid and syringic acid are some of the low molecular weight 
compounds obtained through oxidation of lignin (1, 2). Each one of them has interesting 
applications on pharmaceutical, fragrance and flavour industries (3-8). The interest for vanillic and 
syringic acids is very recent and thus, syringaldehyde and, in particular, vanillin have been the 
phenolic compounds resulting from lignin depolymerisation more extensively investigated.  
Several separation and purification sequences to obtain purified fractions of vanillin and 
syringaldehyde from oxidized lignin media frequently include a stage of solid–liquid adsorption as 
already described in Chapter 2 State of the art. The majority of adsorption studies report the 
recovery of functionalized phenolic monomers from oxidized lignin medium by ion exchange 
resins being particularly focused on vanillin (9-11). The application of zeolites has also been 
evaluated by Derouane and Powell (12) . 
No report of adsorption studies conducted for mono-component aqueous solutions of 
syringaldehyde was found. There is only one study in literature reporting the recovery of 
syringaldehyde from an oxygen delignification spent liquor with a polymeric resin (13).  
In respect to the phenolic acids, studies of adsorption are restricted to activated carbon and have 
already been summarized in Table 2.12 (14-16). 
The main studies with model vanillin aqueous solutions are focused on the potential of ionic resins 
(17, 18). Recently, the application of polymeric resins to recover vanillin gained considerable 
interest (13, 14, 19-23) for many reasons: adsorption of phenolic compounds onto nonpolar resins 
is feasible due to the existence of both hydrophobic and hydrophilic groups in the molecule; the pH 
is maintained constant along the process avoiding precipitation; these resins are chemically stable 
and inert, being suitable for applications under a wide variety of conditions; the phenolic 
compounds recovery and resin regeneration can be performed simultaneously in one step; and the 
resin adsorptive properties can be modelled by the surface hydrophobicity, surface area and 
porosity (24). The acid dissociation constant pKa of the adsorbate also determines the adsorption 
capacity (25). The highest adsorption is achieved for the neutral form of the compounds. 
Phenolic compounds adsorption onto nonpolar resins is commonly explained by the occurrence of 
weak physical interactions mainly of the van der Waals forces type (e.g. permanent dipole-induced 
dipole or induced dipole-induced dipole) (25-27). Since the phenolic compounds have hydrogen 
donors, some authors have studied the effect of functional groups (e.g. phenolic hydroxyl or 
carbonyl, acetyl, amine or methoxy groups) in polymeric resins as promoters of hydrogen bonding 
to improve the adsorption capacity for these compounds (28-32). 
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In this chapter adsorption studies of vanillin and syringaldehyde in aqueous solutions were 
performed employing the polymeric resins SP700 and XAD16N. The resin SP700, with larger 
surface area and greater adsorptive capabilities was chosen to perform further studies with vanillic 
acid and syringic acid. Initially, the resins were characterized regarding solid density, apparent 
density, particle size and moisture content. Afterwards, batch adsorption studies of each phenolic 
compound in aqueous solution were assessed for different temperatures and data fitted to 
Langmuir, Freundlich and Bi-Langmuir equilibrium isotherms. Fixed bed studies onto SP700 were 
performed for different feed concentrations and temperatures and a mathematical model was used 
to predict the breakthrough curves. 
 
 
3.2.  Experimental description 
 
 
3.2.1. Chemicals and adsorbents 
 
Model solutions of vanillin (Sigma-Aldrich, purity ≥ 98%), syringaldehyde (Sigma-Aldrich, purity 
≥ 98%), vanillic acid (Sigma-Aldrich, purity ≥ 97%) and syringic acid (Sigma-Aldrich, purity ≥ 
95%) were prepared in deionized water and filtered through a 0.2 µm nylon membrane 
(Whatman
®
) by means of a diaphragm vacuum pump (Vacuubrand GMBH, Germany) and 
ultrasonic degassed (Liarre, model Starsonic 35, Italy). 
Batch adsorption studies (described in 3.2.5) were conducted with two styrene–divinylbenzene-
based synthetic resins: Sepabeads SP700 purchased from Mitsubishi chemical and Amberlite 
XAD16N from Sigma-Aldrich. Their physical and chemical properties will be summarized in  
Table 3.1 – section 3.4.  
Each adsorbent was washed prior to use with several solutions encompassing deionized water, 
methanol (Merck), methanol acidified with 0.1% formic acid (Chem-Lab). The procedure is 
detailed in 3.2.3. 
The resin SP700 was selected to pursue with fixed bed studies (described in 3.2.6). Deionized 
water and 0.1 M NaHCO3 (BDH Laboratories) were used as solvent in fixed bed studies and in 
column regeneration, respectively.  
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3.2.2. Analytical method (HPLC-UV) 
 
The phenolic compounds concentration was determined by high performance liquid 
chromatography with ultraviolet detection (HPLC-UV). A Knauer HPLC system (Germany) 
equipped with a Smartline 5000 online degasser, a Smartline 1000 quaternary pump, and a 
Smartline 2600 UV – DAD was used. The analytical column was an ACE 5 C18-pentafluorophenyl 
group (250 x 3.0 mm, 5 µm) with a guard column of the same material. The detection length was 
set to 280 nm and the volume of injection loop was 20 µL. Standard solutions and samples were 
filtered before injection using a 0.2 µm syringe filter (VWR). For multi-component analysis the 
separation was performed at 30 ºC at 0.6 mL min
-1
 using an elution gradient composed by two 
eluents previously filtered through a 0.20 µm pore size nylon filter (Whatman
®
): A) 
methanol:water (5:95, % V/V) and B) methanol:water (95:5, % V/V), both acidified with formic 
acid (0.1% V/V). The following elution gradient was used: [0-3.30] min 90% A; 6.70 min 80% A; 
[6.70-20] min  80% A; 35 min 50% A; 38.3 min 0% A, [38.3-41.7] min 0% A; 45 min 90% A; [45-
55] min 90% A. For mono-component analysis, chromatograms were run at room temperature and 
0.4 mL min
-1
 at isocratic elution of eluents A and B 50:50, % V/V. 
 
 
3.2.3. Initial resin preparation and cleaning 
 
Each resin was initially handled to remove any contaminant or monomers prior to use. Thus, the 
resins were brought into contact with a set of different solutions, in batch mode, at room 
temperature. Initially, the resins were rinsed with deionized water and placed with fresh deionized 
water in an orbital shaker (IKA
®
HS 260, Germany) at 160 rpm for about 0.5 h. This step was 
repeated one more time. The resins were then rinsed with methanol and placed in an orbital shaker 
at 160 rpm with methanol for about 0.5 h. The methanol was replaced by acidified methanol (0.1% 
formic acid) and shaken at 160 rpm for 0.5 h. Afterwards, each resin was rinsed with deionized 
water and acidified deionized water (0.1% formic acid) was added. The mixture was agitated for 
0.5 h and this step was repeated twice using deionized water. 
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3.2.4. Physical and chemical characterization of the resins 
 
The resins were characterized concerning particle size, solid density, apparent density, particle 
porosity and water content. After being cleaned and prepared as described in 3.2.3, moisture 
content was assessed by weighting a known amount of resin before and after drying it at 105 ºC. A 
dry to wet resin volume ratio was assessed by measuring the volume occupied by a certain amount 
of resin before and after drying at 105 ºC. This analysis allowed converting the apparent density 
and volume of pores into wet volume of resin and comparing the experimental values with the 
values given by the supplier. 
Particle size distribution was determined by laser dispersion using a particle size analyser (Coulter, 
LS230) and samples were used in wet form.  
Helium pycnometry analysis was performed with previously dried resin at 105 ºC to obtain the 
solid (or skeletal) density. This analysis measures the change in pressure of a certain amount of 
compressed helium gas filling a reference chamber with a known volume expanding into a second 
chamber containing the material to be analysed. Helium readily diffuses into small pores, accessing 
larger pores than its atomic diameter of 3 Å (33). 
In opposition to helium gas that readily penetrates into very fine pores, mercury is a non-wetting 
liquid that does not penetrate pores under atmospheric pressure. Thus, an external pressure must be 
applied in order to force the mercury to enter in a pore. Taking into account these principles, 
apparent density and volume pore size distribution can be assessed. A Quantachrome PoreMaster 
apparatus (Boynton Beach, FL, USA) at 20 ºC was used in the analysis. It was assumed mercury 
density, surface tension and contact angle of 13.579 g mL
-1
, 480 erg cm
-2
 and 140
o
, respectively. 
The porosimetry analysis was performed from 20 psi to 59000 psi and covered pore diameters in 
the range between 3.6 nm and 10.6 m. Samples were previously dried at 105 ºC. It was used 
penetrometers of 50 g in mercury weight and about 0.4 g (dried weight) of sample. 
Particle porosity and volume of pores were estimated by the following expressions: 
  SPapp
a
  1
1
 Equation 3.1 
Sapp
P
a
V

11
  Equation 3.2 
where, S (gdry resin L
-1
dry resin) is the solid density, app (gwet resin L
-1
wet resin) is the particle apparent 
density, P (Lpores L
-1
particle) is the particle porosity and Vp (Lpores g
-1
dry resin) is the volume of pores;                
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a (gdry resin Lwet resin g
-1
wet resin L
-1
dry resin) is the factor to convert apparent density from gwet resin L
-1
wet resin 
to gdry resin L
-1
dry resin: 0.348 and 0.377 for SP700 and XAD16N, respectively. 
 
 
3.2.5. Batch adsorption studies 
 
Mono-component batch experiments for vanillin and syringaldehyde were conducted with 0.04 L 
of 4 g L
-1
 and/or 6 g L
-1
 solutions of each compound. Different amounts of resin (SP700 or 
XAD16N) were used, ranging from 0.1 to 0.5 g of dry weight. Batch samples were shaken in a 
thermostatic water bath shaker (GLF model 3018, Germany) for 72 h at the desired temperature, in 
order to ensure that the equilibrium was met. Adsorption equilibrium isotherms onto each 
adsorbent was measured for three different temperatures 283/288K, 298K and 313K employing the 
batch bottle point method.  
The resin SP700 was selected to perform further batch adsorption studies with vanillic and syringic 
acids. Assays were performed for three different temperatures 283/288K, 298K and 313K with     
0.1 L of a feed solution with concentrations ranging from 1 - 2.25 g L
-1
 and 0.5 - 0.9 g L
-1
 for 
vanillic acid and syringic acid, respectively. It was used amounts of resin between 0.1 to 0.5 g of 
dry weight. Samples were shaken in a rotary shaker (IKA
®
KS4000, Germany) at 190 rpm for 24 h. 
Each sample was immediately filtered through a syringe filter with 0.2 µm. The initial feed 
concentration and equilibrium concentrations of adsorption were quantified by HPLC-UV as 
described in 3.2.2. pH was monitored (VWR model pH110) and no significant change was 
observed during the adsorption experiments (around 4.5-4.9 for vanillin, 5.7-6.2 for 
syringaldehyde, 3.3-3.5 for vanillic acid and 3.5-3.6 for syringic acid). 
The adsorbed phase concentration of species ‘i’ at equilibrium (qi,e, g g
-1
dry resin) is calculated from a 
mass balance between the adsorbent and liquid phases:  
 
W
VCC
q
eii
ei
,0,
,

  Equation 3.3 
where Ci,0 (g L
-1
) corresponds to the initial concentration of species ‘i’ in the solution; Ci,e               
(g L
-1
) is the equilibrium concentration of species ‘i’ in the solution; V (L) is the solution volume; 
and W (gdry resin) is the weight of dry resin. 
Binary batch experiments with vanillin and syringaldehyde were conducted as well, with 0.04 L of 
2.12 g L
-1
 of vanillin and 2.62 g L
-1
 of syringaldehyde at 298 K, employing different resin amounts 
between 0.1 and 0.3 g of dry resin. The pH was monitored and it remained constant around 4.5. 
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3.2.6. Fixed bed adsorption studies 
 
Fixed bed adsorption studies onto SP700 were carried out in a jacketed glass column (Götec, 
Germany) of 5.6 cm length and 1 cm internal diameter. Bed porosity (b) of 0.35 and Peclet number 
(Pe) of 98 were estimated by tracer experiments using blue dextran as described elsewhere (34).  
One bed volume (BV) corresponds to the bed void volume of approximately 1.54 mL. Aqueous 
vanillin or syringaldehyde solutions were pumped into the column with a Smartline Pump 1000 
(Knauer, Germany) and isothermal conditions were assured with a thermostatic water bath (Lauda). 
Mono-component experiments were performed for different temperatures (298 and 313 K) and feed 
concentrations (0.4, 1 and 4 g L
-1
) at fixed flowrate (approximately 5 mL min
-1
).  For the mono-
component adsorption studies with the phenolic acids, similar experiments were performed for 
temperatures 288 K, 298 K and 313 K, feed concentrations ranging from 0.16 to 1.40 g L
-1
 at fixed 
flowrate of approximately 5.25 mL min
-1
. Binary experiments were performed at 298 K and fixed 
flowrate of approximately 5 mL min
-1
.  
The column was fed with the solution at fixed or constant temperature and samples were collected 
at the column outlet, diluted and quantified by HPLC-UV as described in 3.2.2. 
The experimental (tst,exp, min) and predicted (tst,pred, min) stoichiometric times were obtained by 
Equation 3.4 and Equation 3.5, respectively (35, 36), for constant feed flowrate: 
dt
C
C
t
feedi
i
st 









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,
exp, 1  Equation 3.4 
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 Equation 3.5 
where Ci,feed (g L
-1
) is the concentration at column inlet for the species ‘i’, Ci (g L
-1
) is the 
concentration at column outlet  for the species ‘i’ and time t (min), qi,feed (g g
-1
dry resin) is the 
adsorbed phase concentration for the species ‘i’ in equilibrium with Ci,feed, fh (gdry resin g
-1
wet resin) is 
the dry particle to wet particle mass ratio, Lb (m) is the bed length and ui (m min
-1
) is the interstitial 
velocity and was calculated as following (37): 
b
i
A
Q
u

  Equation 3.6 
where Q (m
3
 min
-1
) is the feed flowrate and A (m
2
) is the cross sectional area of the bed. 
For the determination of tst,exp, it was calculated the area under the plot 1-Ci/Ci,feed versus time 
employing the trapezoidal rule.  
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The experimental adsorbed (qads,exp, g g
-1
dry resin) and desorbed (qdes,exp, g g
-1
dry resin) phase 
concentrations were assessed from global mass balances to the adsorption and desorption steps,  
Equation 3.7 and Equation 3.8, respectively (38):  
    happb
feedib
happbb
stfeedi
ads
f
C
fV
tQC
q


 



11
,exp,,
exp,  Equation 3.7 
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



11
,0
exp,  
Equation 3.8 
where Vb (m
3
) is the volume of the bed. 
It was calculated the ratio between qdes,exp and qads,exp corresponding to the removal percentage in 
each adsorption/desorption cycle performed.  
After each run, the column was regenerated by eluting about 45 BV with 0.1 M NaHCO3 solution 
and rinsing with deionized water until pH 5.5 – 6 (about 1100 BV), thus, assuring the removal of 
any residual phenolic compound. 
 
 
3.3. Mathematical modelling 
 
 
3.3.1. Adsorption equilibrium isotherms 
 
Langmuir, Bi-Langmuir and Freundlich models were studied to describe the adsorption equilibrium 
isotherm data obtained for each phenolic compound in aqueous solution onto SP700 and XAD16N 
resins.  
The Langmuir isotherm (39) defines monolayer adsorption onto homogeneous surface containing a 
finite number of adsorption sites of uniform energy with no interaction occurring among the 
adjacent adsorbed molecules. The adsorption is considered reversible and the maximum adsorption 
corresponds to the saturation of the monolayer of molecules adsorbed on the adsorbent surface. 
Graphically it is observed a plateau which corresponds to an equilibrium saturation point where no 
further adsorption takes place once the sites are occupied with the adsorbates. It can be described 
by the following Equation 3.9, considering liquid-solid adsorption: 
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eiiL
eiiLim
ei
CK
CKq
q
,,
,,,
,
1
  Equation 3.9 
where qm,i (g g
-1
dry resin) is the maximum adsorption capacity for component ‘i’ and KL,i (L g
-1
) is the 
Langmuir equilibrium constant for component ‘i’.   
 
The Bi-Langmuir isotherm was first suggested by Graham (40) and considers the adsorption onto a 
surface composed by patches of two different homogeneous surfaces that behave independently. 
On each type of site, the same Langmuir principles of local adsorption and no adsorbate - adsorbate 
interactions are applied. It can be described by the following Equation 3.10, considering liquid-
solid adsorption (41) and two independent local Langmuir isotherms: 
eiiL
eiiLim
eiiL
eiiLim
ei
CK
CKq
CK
CKq
q
,,2
,,2,2
,,1
,,1,1
,
11 


  Equation 3.10 
where qm1,i and qm2,i (g g
-1
dry resin) are the two maximum adsorption capacities for component ‘i’ 
obtained for the two types of adsorption sites and KL1,i and KL2,i (L g
-1
) are the respective Langmuir 
equilibrium constants for component ‘i’.   
 
The parameters related with the energy of adsorption in Langmuir (KL) and Bi-Langmuir models 
(KL1 and KL2) were estimated considering the Van’t Hoff equation:  





 

RT
H
KK xoxx exp  Equation 3.11 
where xK  (L g
-1
) corresponds to the energy of adsorption parameters of Langmuir (
LK ) and Bi-
Langmuir isotherm ( 1LK  and 2LK ) models and 
o
xK  (L g
-1
) is the respective equilibrium constant   
(
o
LK ,
o
LK 1  and 
o
LK 2 ),  xH  (kJ mol
-1
) is the respective adsorption enthalpy (
LH , 1LH  and 
2LH ), R is the ideal gas constant (kJ mol
-1
 K
-1
) and T is the absolute temperature (K). The values 
obtained for these parameters are summarized in Appendix A.  
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The extended Bi-Langmuir model developed by Butler and Ockrent (42) for Langmuir isotherm 
was applied: 






NC
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,,1
,,1,1
,
11
 
Equation 3.12 
It was considered qm1,i, qm2,i, KL1,i/KL1,j and KL2,i/KL2,j values obtained from the fit of the Bi-
Langmuir model to the adsorption equilibrium data of the pure component studies. This model 
takes into consideration the same assumptions mentioned above for the Bi-Langmuir isotherm and 
that all adsorptive sites are equivalent and each site holds only one molecule.  
 
The Freundlich isotherm (43) is an empirical equation that describes the adsorption process on 
heterogeneous surfaces. This model assumes the existence of different adsorption energies grouped 
into patches of the same magnitude, which are independent and do not interact with each other 
(44). The formation of multilayers of adsorbed molecules in the Freundlich model can be expressed 
by the following equation: 
n
eiiFei CKq
/1
,,,   Equation 3.13 
where KF,i ((g g
-1
dry resin) (L g
-1
)
1/n
) is the constant indicative of the relative capacity of the adsorbent 
for species ‘i’ and n is the correspondent Freundlich exponent (dimensionless). When n is higher 
than 1 it indicates a favourable adsorption. KF and n are empirical constants that indicate the 
curvature and steepness of the isotherm.  
Freundlich model is commonly used to explain the adsorption of organic compounds from aqueous 
streams onto activated carbon (44). 
The isotherm parameters were determined by least-squares fitting of the data through minimizing 
the sum of the squared residuals (SSR) between the experimental data points and the estimated 
values obtained by the model.  
The isosteric enthalpy of adsorption, Hisosteric (kJ mol
-1
), for vanillin, syringaldehyde, vanillic acid 
and syringic acid from aqueous solutions was calculated by means of the equilibrium data obtained 
at different temperatures with the Clausius-Clapeyron equation (41, 45):  
 
 
eiq
eiisosteric
T
C
RT
H
,
,
2
ln










 Equation 3.14 
where R (kJ mol
-1
 K
-1
) is the ideal gas constant, T (K) is the absolute temperature.  
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This equation is derived from the Gibbs-Helmholtz equation at temperature T considering that: 1) at 
equilibrium, the chemical potentials of the solute in the bulk liquid and adsorbent phases are equal; 
2) the activity of the solute on the adsorbent phase remains constant with temperature change if the 
amount adsorbed is kept constant and 3) the solution exhibits an ideal behaviour and thus, the 
activity of the solute is equal to the concentration of solute in the bulk liquid phase, valid for dilute 
solute concentration in the mobile phase (45). 
Considering that Hisosteric is independent of the temperature, it corresponds to the slope of the plot 
of the isostere ln Ci,e vs 1/T for different loading amounts (qi,e).  
 
3.3.2. Fixed bed modelling  
 
The mathematical model used to predict the breakthrough curves of each phenolic compound 
includes a mass balance considering the following assumptions: axially dispersed plug flow, 
intraparticle mass transfer resistance expressed with the linear driving force model (46), no 
temperature gradients, constant porosity along the bed and no radial gradients within the bed. 
The mathematical model encompasses a set of algebraic and differential equations that includes the 
mass balance for the liquid phase, the equilibrium isotherm between the fluid and the solid phases, 
the Danckwerts boundary conditions and the mass transfer between the liquid and solid phases. 
The mass balance equation of species ‘i’ in the liquid phase in a bed volume element is expressed 
by the following equation, valid for dilute solutions: 
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 Equation 3.15 
where 
axD  (m
2
 min
-1
) is the axial dispersion coefficient, 
iC  (g L
-1
) is the concentration in the bulk 
fluid phase for the species i, ui is the interstitial velocity (m min
-1
), 
iq (g g
-1
dry resin) is the average 
adsorbed phase concentration of species ‘i’ in the adsorbent particles, z (m) and t (min) are the axial 
position and time variables, respectively, and ‘i’ concerns the solute studied (e.g. vanillin, 
syringaldehyde, vanillic acid and syringic acid). 
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The Danckwerts boundary conditions were applied to define the boundary conditions of the mass 
balance equation: 
z = 0  
 
  feediii
z
i
ax CtCu
z
tzC
D ,
0
,0
,

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
 Equation 3.16 
z = L  
 
0
,



Lz
i
z
tzC
 Equation 3.17 
The following initial conditions, of a clean / fully regenerated bed, were considered: 
  00, zCi  Equation 3.18 
  00, zqi  Equation 3.19 
The LDF model was applied to estimate the contribution of mass transfer resistances. This 
expression is obtained considering a parabolic concentration profile within a spherical particle and 
it indicates that the rate of adsorption is proportional to the driving force (difference between 
adsorbed phase concentration in equilibrium with the bulk fluid concentration and the average 
adsorbed phase concentration in the particle) still required to reach equilibrium:  
 
    tzqtzqk
t
tzq
iiLDF
i ,,
,


 
 Equation 3.20 
where, 

iq  (g g
-1
dry resin) is the adsorbed phase concentration in equilibrium with the bulk 
concentration at a certain time and position and 
LDFk  (min
-1
) is the LDF kinetic rate constant.  
LDFk  was estimated by Equation 3.21 and considers homogeneous particle (47): 
i
i
papph
ipe
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dC
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D
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2
,

 
Equation 3.21 
where pr (m) is the radius of the adsorbent particle, ipeD ,  (m
2
 min
-1
) is the effective pore 
diffusivity,   (dimensionless) is the LDF factor equal to 15 considering spherical particles, 
i
i
dC
dq
 
is the slope of the adsorption equilibrium isotherm and 

iq ( g g
-1
dry resin) is the  adsorbed phase 
concentration in equilibrium with the bulk concentration at time t in the position z. In the same way 
as Žabková et al. (19), mass transfer coefficients were calculated using the slope of the chord 
(q/C). 
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The axial dispersion in the packed bed was estimated by the following expression, using the 
experimental Peclet number obtained (37):  
ax
bi
D
Lu
Pe   Equation 3.22 
The effective pore diffusivity ipeD , ( m
2
 min
-1
) was calculated by the following expression (48): 

 imp
ipe
D
D
,
,   Equation 3.23 
where imD ,  (m
2
 min
-1
) is the molecular diffusivity of solute ‘i’ in the solvent and   is the 
tortuosity factor (estimated by the Wakao and Smith model (49), corresponding to the inverse of 
the particle porosity). 
imD ,  was estimated for each solute by the Wilke-Chang correlation (48, 50): 
6.0
,
10
, 1044.4
im
im
V
MT
D

  Equation 3.24 
where   is the association factor of the solvent, which accounts for solute-solvent interactions 
(Wilke and Chang [50] suggest an association factor of 2.6 when the solvent used is water), M (g 
mol
-1
) is the molecular weight of the solvent,  (cP) is the viscosity of the solvent, imV ,  (cm
3
 mol
-1
) 
is the molar volume of solute at its normal boiling point estimated by the simple additive method 
proposed by Partington (51).  
The model equations 3-15 to 3-24 were solved numerically with gPROMS (General Process 
Modelling System, version 3.7.1) using one of its integrated solvers, DASOLV, and discretizing 
the axial domain using orthogonal colocation method on finite elements over 20 elements with 
third order polynomials in each element. The solvers used in the simulations consider an absolute 
tolerance of 1x10
-5
. The mathematical model contains a system of partial differential and algebraic 
equations (PDAEs). 
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3.4. Results and discussion 
 
 
3.4.1. Physical and chemical characterization of the resins 
 
SP700 (batch number 2A507) and XAD16N (batch number SLBC8020V) were characterized as 
described in 3.2.4. In general, the values found in this work for the physical and chemical 
properties were similar to those reported in literature or given by the supplier, as summarized        
in Table 3.1. 
 
Table 3.1 Physical-chemical properties of the styrene-divinylbenzene resins SP700 and 
XAD16N given by the supplier, experimentally obtained and found in literature 
 Suppliers information This work Reported in literature 
 SP700 XAD16N SP700 XAD16N SP700 XAD16N 
s (gdry resin L
-1
dry resin) - - 1294 1096 - - 
app (gwet resin L
-1
wet resin) 1010 1020 1012 988.5 - - 
Moisture content (%) 60-70 - 68.2 67.0 - - 
Vpores (mL g
-1
) 2.3 1.82 2.07 1.74 2.05
(52)
 - 
p 0.81 0.73 0.73 0.66 - - 
dp (m) 
Average  
450 
Range  
560-710 
483 727 - 
635
(53) 
750
(54)
 
as (m
2
 g
-1
) 1200 800 - - 1160
(52)
 - 
rpore (Å) 90 100 - - 35
(52)
 - 
 
Moisture determination was repeated 6 times and the average value obtained for SP700 and 
XAD16N resins was 68.2% ( 0.5%) and 67.0% ( 0.7%), respectively. A volume ratio of dry to 
wet resin of 0.92 mLdry mL
-1
wet was obtained for SP700 and of 0.86 mLdry mL
-1
wet for XAD16N. 
The study of particle size distribution showed the existence of particle diameters ranging from    
250 m to 850 m for SP700 resin with an experimentally mean size of 483 m, very close to the 
value of 450 m given by supplier (Table 3.1). As for XAD16N, the particle size distribution 
analysis showed a wider range of particle diameters between 350 m and 1400 m, an interval 
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higher than the one reported by the supplier (Table 3.1). The mean size obtained by the laser 
dispersion analysis for the latter resin of 727 m, was not in the interval of diameters given by 
supplier but very close to the value found in the study by Díez et al. (54). 
 
 
Figure 3.1 Particle size distribution of resins SP700 and XAD16N. 
 
Helium volume was measured in triplicate and the solid (or skeletal) density obtained was         
1294 (1) gdry resin L
-1
dry resin and 1096 (1) gdry resin L
-1
dry resin for SP700 and XAD16N, respectively. 
In the mercury intrusion porosimetry analysis, the apparent density is obtained by the difference 
between the volume of mercury needed to fill a penetrometer before and after placing a known 
amount of sample. At atmospheric pressure, the mercury will resist entering in the pores with a 
diameter lower than 6 m (55). Since the pressure used in this step is slightly higher (2.5 atm /  
36.7 psi), some macropores might have been intruded by the mercury and thus, the apparent density 
may be overestimated. Nonetheless, a similar value of apparent density to the one given by the 
supplier was obtained for both resins (Table 3.1).  
The mercury intrusion porosimetry also evaluates the diameter pore size distribution of macropores 
and mesopores (covering pore diameters in the range of 3.6 nm and 10.6 m) and particle porosity.  
Figure 3.2 depicts the pore diameter in function of the cumulative volume expressed in percentage 
and the respective differential curve of pore volume. About 69.5% and 69% of all the intruded 
volume for, respectively, SP700 and XAD16N, corresponded to macropores, considering that all 
diameters above 0.05 m are macropores (35) and the remaining volume of 30.5% and 31% 
corresponded to mesopores (assuming that mesopores diameters are between 0.05 m and 0.002 
m) (35). This led to conclude that macropores are predominant in both resins.  
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Figure 3.2 Cumulative mercury intruded volume (A) and differentical curve of pore volume 
(B) for SP700 and XAD16N. 
 
Additionally, it is important to refer that the resin particles might contain pores smaller than        
3.6 nm and thus some mesopores and micropores were not quantified by the mercury porosimetry 
analysis. This last assumption is supported by Li et al. (52) which stated that SP700 resin has a low 
proportion of micropores (<2 nm). The volume of pores found in this work (2.07 and 1.74 mL g
-1
dry resin 
for SP700 and XAD16N, respectively) was slightly lower than the one estimated through   
Equation 3.2 using the values reported by the supplier (Table 3.1). The corresponding particle 
porosities obtained were of 0.73 and 0.66 Lpores g
-1
dry resin for SP700 and XAD16N, respectively 
(Table 3.1). 
Specific surface area given by the supplier of SP700 resin is consistent with that obtained by Li et 
al. (52) (Multipoint BET method). However, the authors reported a predominant average pore 
radius of 35 Å, more than one-half lower than the value given by supplier (Table 3.1). 
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3.4.2. Adsorption equilibrium isotherms of vanillin, syringaldehyde, vanillic acid and 
syringic acid in water 
 
Adsorption equilibrium isotherms for adsorption of vanillin and syringaldehyde from aqueous 
solutions onto SP700 resin and XAD16N were measured and fitted to Langmuir, Bi-Langmuir and 
Freundlich models. Figure 3.3 and Figure 3.4 display the experimental adsorbed amounts as a 
function of liquid phase concentration at equilibrium for the different temperatures and the 
respective fitting to the models. The characteristic parameters of each model are summarized in 
Table 3.2. All models reasonable fit the experimental data obtained for each resin. Bi-Langmuir 
and Freundlich models describe the batch experiments better, in particular for equilibrium 
concentrations below 1 g L
-1
. Several works performed with the adsorption of other phenolic 
compounds onto nonpolar resins have also shown that the Freundlich model adequately describes 
the adsorption process (20, 26, 56-58). Bi-Langmuir has also been applied to describe adsorption of 
phenol (59) and other organic compounds (60, 61). 
 
 
Figure 3.3 Adsorption equilibrium isotherms of vanillin and syringaldehyde in water onto the 
resin XAD16N at different temperatures. The dots represent experimental data, the dashed 
lines (- -) the Langmuir model plots, the lines (—) the Bi-Langmuir model plots and the dots 
(…) the Freundlich model plots. 
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Figure 3.4 Adsorption equilibrium isotherms of vanillin, syringaldehyde, vanillic acid and 
syringic acid in water onto the resin SP700 at different temperatures. The dots represent 
experimental data, the dashed lines (- -) the Langmuir model plots, the lines (—) the Bi-
Langmuir model plots and the dots (…) the Freundlich model plots. 
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Table 3.2 Equilibrium parameters obtained for adsorption of vanillin (V), syringaldehyde (S), 
vanillic acid (VA) and syringic acid (SA) onto XAD16N and SP700 resin 
T1: 283 K for V and 288 K for S, VA and SA; T2: 298 K; T3: 313 K  
 
 
  V S SA VA 
 
 SP700 XAD16N SP700 XAD16N SP700 SP700 
        
Hisosteric (kJ mol
-1) -19  1 -15  2 -23  3 -27  5 -16  1 -37  3 
Langmuir model 
 
      
qm,i (g g
-1
dry resin)  0.663 0.587 0.707 0.730 0.423 0.450 
o
LK (L g
-1)  3.21x10-4 1.12x10-2 5.26x10-4 8.00x10-5 1.38x10-3 2.05x10-6 
HL (kJ mol
-1)  -20.0 -10.9 -19.7 -23.5 -20.0 -34.0 
 


n
i
calcqq
1
2
exp
 
(g g-1dry resin)
2 
1.87x10-2 0.32x10-2 0.70x10-2 0.51 x10-2 0.25x10-2 0.67x10-2 
Bi-Langmuir model 
     
qm1,i (g g
-1
dry resin)  
0.634 0.529 0.663 0.639 0.407 0.486 
qm2,i (g g
-1
dry resin)  
0.131 0.116 0.139 0.113 0.0826 0.0967 
o
LK 1 (L g
-1)  3.15x10-4 8.03x10-3 7.19x10-4 2.17x10-5 1.03x10-3 1.33x10-6 
o
LK 2 (L g
-1)  5.57x10-2 1.45 1.45x10-1 4.85x10-3 9.71x10-2 1.67x10-4 
HL1 (kJ mol
-1)  -18.3 -10.0 -17.2 -25.9 -18.8 -32.5 
HL2 (kJ mol
-1)  -18.4 -11.0 -17.3 -24.8 -19.0 -32.2 
 


n
i
calcqq
1
2
exp
 
(g g-1dry resin)
2 
0.42x10-2 0.20x10-2 0.31x10-2 0.37x10-2 0.079x10-2 0.30x10-2 
Freundlich model 
       
n  
2.7 2.9 2.8 2.5 2.5 2.5 
KF,i 
g g-1dry resin (L g
-1)1/n 
T1 0.3977 0.3095 0.4505 0.4292 0.4027 0.3440 
T2 0.3350 0.2902 0.4076 0.3687 0.3657 0.2757 
T3 0.2927 0.2699 0.3551 0.3072 0.3281 0.2200 
 


n
i
calcqq
1
2
exp
 
(g g-1dry resin)
2 
0.64x10-2 0.42x10-2 0.34x10-2 0.38x10-2 0.081x10-2 0.33x10-2 
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Both resins adsorb syringaldehyde in a higher extent. For instance, considering an equilibrium 
concentration of 1 g L
-1
 of vanillin and syringaldehyde, the respective equilibrium adsorption 
capacities are approximately 0.342 and 0.420 g g
-1
dry resin (SP700) and 0.282 and 0.387 g g
-1
dry resin 
(XAD16N). The maximum adsorption capacity, qm,i, obtained with the Langmuir model for 
syringaldehyde is also higher than the one obtained for vanillin (about 7% for SP700 and 24% for 
XAD16N). Similarly, the maximum adsorption capacity, qm1,i obtained in the Bi-Langmuir model 
is also higher for syringaldehyde, in both resins (about 5% for SP700 and 21% for XAD16N). 
Being syringaldehyde the compound less soluble in water, these results are consistent with other 
studies (56, 58, 62) where it has been shown a lower adsorption for compounds showing higher 
solubility.  
The resin SP700 was chosen to pursue with adsorption equilibrium studies with vanillic and 
syringic acids. The experimental adsorbed amounts at different temperatures versus the adsorbate 
liquid concentrations at equilibrium obtained are depicted in Figure 3.4 along with the respective 
Langmuir, Bi-Langmuir and Freundlich models found for each compound. In Table 3.2 it is 
summarized the respective characteristic parameters of each model. All three models reasonable 
fitted the experimental points. However, similarly to the aldehydes, the Bi-Langmuir and 
Freundlich models described better the experimental data, showing lower SSR. 
The resin SP700 adsorbs more syringic acid than vanillic acid. This is expected since, according to 
the solubility experimentally determined, the syringic acid is less soluble in water than vanillic 
acid. Nevertheless, due to the range of equilibrium adsorption concentrations studied for each acid 
(related with limitations of solubility in water for each compound), the maximum adsorption 
capacity found for syringic acid (0.423 and 0.407g g
-1
dry resin of qm,i and qm1,i, respectively) is 
somewhat smaller than the one found for vanillic acid 0.450 and 0.486 g g
-1
dry resin of qm,i and qm1,i, 
respectively). 
In Figure 3.5 it is shown the adsorption equilibrium isotherms for the four phenolics studied at           
298 K. Although syringic acid is less soluble in water than its respective aldehyde, the 
experimental adsorbed amounts are smaller, not following the same trend observed between the 
aldehydes or the acids. The same behavior is noticed between vanillic acid and vanillin. This 
clearly demonstrates that carbonyl and carboxyl group also exerts some influence in the adsorption 
mechanism.  
The Freundlich parameter n values estimated for all phenolic compounds are very similar (between 
2.5 and 2.9) and indicative that the adsorption processes onto both resins are favorable. KF is 
indicative of the relative capacity of the resin and decreases as following: syringaldehyde > 
syringic acid > vanillin > vanillic acid, following the same trend of the adsorbed amounts 
experimentally obtained.  
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Figure 3.5 Adsorption equilibrium isotherms for V, S, VA and SA in water onto the 
adsorbent SP700 at 298 K.  The dots represent experimental data, the dashed lines (- -) the 
Langmuir model plots (A), the lines (—) the Bi-Langmuir model plots (B) and the dots (…) 
the Freundlich model plots (C). 
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KL, KL1, KL2 and KF decreased with the rise of temperature (Appendix A), which is typical for 
exothermic processes. It was observed that the equilibrium adsorption capacity for each compound 
studied decreased with the increase of temperature, which denotes an exothermic process, also 
corroborated by the estimated value of isosteric enthalpy variation (Table 3.2). Published studies 
employing similar nonpolar resins to recover vanillin from aqueous solutions have also reported the 
same effect with temperature (19, 20).  
The isosteric enthalpy of adsorption was estimated by the derived Clausius-Clapeyron relation 
using the experimental equilibrium data obtained. A similar order of magnitude was obtained for 
vanillin (-19 kJ mol
-1
) and syringaldehyde (-23 kJ mol
-1
) adsorption onto SP700 (Table 3.2). Some 
differences were found for the phenolic acids, the adsorption process for vanillic acid is more 
exothermic (-37 kJ mol
-1
) than for syringic acid (-16 kJ mol
-1
) and the aldehydes. In the case of 
XAD16N, the isosteric adsorption enthalpy found for syringaldehyde (-27 kJ mol
-1
) was almost 
twice the value found for vanillin (-15 kJ mol
-1). The adsorption enthalpies estimated by the Van’t 
Hoff equation in the determination of the parameters of Langmuir and Bi-Langmuir isotherms were 
very similar to the isosteric enthalpy of adsorption estimated with the experimental equilibrium 
data. 
The values of isosteric adsorption enthalpy between -15 and -37 kJ mol
-1
 obtained (Table 3.2), 
indicate mainly physical adsorption onto SP700 and XAD16N resins for all studied phenolic 
compounds thus, the type of bonds involved in the adsorption phenomena are weak and the 
adsorption process can be reversed and resin easily regenerated (63). These results are also in 
accordance with several studies performed with phenolics adsorption onto nonpolar resins, where it 
is commonly stated that van der Waals interaction is the main driving force for adsorption of the 
molecules from the bulk solution to the adsorbent phase (26, 27, 58). 
To our knowledge, there are no studies with aqueous solutions of syringaldehyde using this type of 
resins. Studies performed with vanillin, syringic acid and vanillic acid comprise the use of activated 
carbon (14-16) and synthetic cross-linked polymeric adsorbents of hydrophobic nature (19-23). It 
is important to note that published studies were performed with different methodologies and 
experimental conditions thus, special attention must be given when comparing final results. 
In this work, the maximum adsorption capacities onto SP700 and XAD16N found for vanillin are 
higher than the ones reported in literature employing other nonpolar resins (ranging from 0.073 to 
0.416 g g
-1
). Among all, Zhang et al. (20) and Jin and Huang (22) reported the highest adsorption 
capacities of 0.416 g g
-1
 and 0.358 g g
-1
 for vanillin, respectively, employing synthetic cross-linked 
polymeric resins. Michailof et al. (14) managed to obtain maximum adsorption capacities ranging 
from 0.191 to 0.204 g g
-1
 using activated carbon. Žabková et al. (19) studied the nonpolar styrene 
divinylbenzene resin SP206, similar to the one used in this work but with lower surface area      
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(556 m
2
 g
-1
), and reported a maximum adsorption capacity of 0.115 g g
-1
dry resin. Maximum 
adsorption capacities found for the phenolic acids studied (Table 3.2) were also higher than the 
values reported in literature for adsorption onto activated carbon: for syringic acid and vanillic acid 
the amounts adsorbed found in literature range from 0.24 – 0.32 g g-1 (15, 16) and 0.056 – 0.24 g g-1 
(14), respectively. 
 
 
3.4.3. Modelling of fixed bed adsorption of vanillin and syringaldehyde in water onto 
SP700 resin 
 
Fixed bed assays with aqueous solutions of vanillin and syringaldehyde were performed in a 
column bed of 5.6 cm length and 1 cm of diameter for a flowrate of 5 mL min
-1
. Different feed 
concentrations (0.38 - 4.1 g L
-1
) and temperatures (298 and 313 K) were studied to validate the Bi-
Langmuir isotherm model obtained by equilibrium batch studies. The experimental conditions and 
results are summarized in Table 3.3. 
Similarly, in Table 3.3 it is summarized the fixed bed studies performed with aqueous solutions of 
vanillic and syringic acids carried out for different feed concentrations ranging from 0.16 to         
1.4 g L
-1
 and temperatures (288, 298 and 313 K) to validate the respective Bi-Langmuir isotherm 
models found by equilibrium batch studies. The same bed used for the dynamic studies with the 
aldehydes was employed and the feed flowrate was set to 5.25 mL min
-1
.  
The predicted stoichiometric times calculated by the equilibrium model by means of Equation 3.5 
and expected adsorbed amounts along with the correspondent experimental values obtained by the 
mass balance (Equation 3.4 and Equation 3.7) are indicated in Table 3.3. The Bi-Langmuir model 
predicted well the experimental stoichiometric times and adsorptive capacity for the dynamic 
experiments performed with each compound (with SD values below 6%).   
The mathematical model mentioned in section 3.3 was implemented to describe the breakthrough 
curves obtained. The parameters of the mathematical model, axial dispersion, molecular diffusivity 
and effective pore diffusivity are indicated in Table 3.4. For each experiment carried out, the kLDF 
estimated as described in 3.3.2 are specified in Table 3.3 . 
As concentration increases, the slope q/C decreases resulting in higher kLDF and thus, lower mass 
transfer resistances. Considering the experiments performed for vanillin at 298 K it is possible to 
observe that kLDF increases linearly with the increase in concentration with a correlation coefficient 
R
2
 of 0.9954 (Figure 3.6). 
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Moreover, for the 4 compounds, kLDF increases with the increase in temperature (Figure 3.7). This 
means that the mass resistance decreases with the increase in concentration and temperature, as 
expected. For feed concentration of approximately 0.7 g L
-1
 at 298 K, kLDF estimated for vanillic 
acid (0.105 min
-1
) was almost twice the value obtained for syringic acid (0.068 min
-1
), thus the 
estimated mass transfer resistance is somewhat higher for the latter compound. In general, mass 
transfer resistance estimated for the phenolic acids is lower than for the phenolic aldehydes, being 
vanillic acid the compound offering the lowest mass transfer resistance in the adsorption process.  
 
Table 3.3  Mass transfer coefficients, predicted and experimental stoichiometric times, and 
adsorbed amounts of V and S for each Ci,feed and T, for a column of 5.6 x 1 cm with 0.35 
porosity and feed flowrate of 5 and 5.25 mL min
-1
 for the aldehydes and acids, respectively. 
 
Ci,feed 
(g L
-1
) 
T  
(K) 
kLDF 
(min
-1
) 
tst,pred 
(min) 
tst,exp 
(min) 
SD* 
(%) 
qads,pred 
(g g
-1
dry resin) 
qads,exp 
(g g
-1
dry resin) 
V 0.385 298 0.035 111.2 113.5 2.1 0.231 0.235 
 0.383 298 0.035 111.6 114.7 2.8 0.230 0.238 
 1.02 298 0.062 63.0 63.2 0.3 0.345 0.344 
 1.07 298 0.062 61.3 59.4 3.1 0.352 0.343 
 3.94 298 0.149 26.3 26.4 0.4 0.553 0.554 
 1.11 313 0.107 51.8 52.9 2.1 0.309 0.314 
S 0.96 298 0.044 80.0 79.8 0.2 0.414 0.412 
4.11 298 0.122 29.0 29.2 0.7 0.638 0.641 
0.98 313 0.073 69.2 70.4 1.7 0.365 0.356 
VA 1.40 288 0.105 48.7 47.4 2.7 0.385 0.384 
0.67 298 0.105 64.5 62.2 3.6 0.244 0.235 
1.24 298 0.151 45.1 42.4 5.9 0.315 0.296 
1.39 313 0.300 32.6 33.5 2.9 0.254 0.262 
SA 0.71 288 0.054 86.8 85.7 1.3 0.348 0.344 
0.67 298 0.068 82.1 82.0 0.1 0.320 0.320 
0.16 298 0.029 196.4 194.7 0.9 0.181 0.183 
0.71 313 0.123 71.4 72.1 1.0 0.286 0.287 
*SD (%) corresponds to the standard deviation between the experimental and predicted stoichiometric time, 
calculated with the following expression: 100(%)
,
exp,,



predst
stpredst
t
tt
SD ; 
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Table 3.4 Summary of parameters used for simulation of V, S, VA and SA breakthroughs, for 
a column 5.6 x 1 cm with porosity 0.35 and feed flowrate of 5 and 5.25 mL min
-1
 for the 
aldehydes and acids, respectively. 
Compound 
T  
(K) 
Dax 
(m
2
 min
-1
) 
Dm,i 
(m
2
 min
-1
) 
Dpe,i 
(m
2
 min
-1
) 
V 
298 1.04x10
-4
 4.95x10
-8
 2.62x10
-8
 
313 1.04x10
-4
 7.10x10
-8
 3.76x10
-8
 
S 
298 1.04x10
-4
 4.48x10
-8
 2.37x10
-8
 
313 1.04x10
-4
 6.42x10
-8
 3.40x10
-8
 
VA 
288 1.09x10
-4
 3.65x10
-8
 1.93x10
-8
 
298 1.09x10
-4
 4.82x10
-8
 2.55x10
-8
 
313 1.09x10
-4
 6.91x10
-8
 3.66x10
-8
 
SA 
298 1.09x10
-4
 3.97x10
-8
 2.11x10
-8
 
313 1.09x10
-4
 6.27x10
-8
 3.32x10
-8
 
 
 
 
 
Figure 3.6 Representation of kLDF vs feed concentration for V, S, VA and SA (in aqueous 
solution) for experiments at 298 K. The line represents the linear regression for V. 
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Figure 3.7 Representation of kLDF vs feed concentration for V, S VA and SA (in aqueous 
solution) for different temperatures. 
 
Figure 3.8 and Figure 3.9 show the experimental and predicted concentration histories for 
adsorption of vanillin and syringaldehyde in aqueous solution onto SP700 performed at 298 K. 
Similarly, in Figure 3.10 it is shown the experimental breakthrough curves together with the 
predicted behaviour obtained with vanillic and syringic acids for the same temperature of 298 K 
and using the same bed used for the aldehydes.  
The predicted behaviours demonstrate that the mathematical model considered is adequate to 
describe the fixed bed experiments performed. In general, the equilibrium data successfully 
described the breakthrough curves at 298 K. 
Moreover, it is possible to observe that, in general, for the acids, the kLDF should be somewhat 
smaller. Additionally, for experiments performed with vanillin for feed concentration of 0.38 g L
-1
, 
the kLDF estimated should also be somewhat smaller in order to predict better the transient 
concentration history at column outlet observed.  
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Figure 3.8 Concentration of V (A) and S (B) versus time at the adsorption column outlet. 
Conditions: feed of approximately 1 g L
-1
 onto the SP700 resin and desorption with water at 
298 K, feed flowrate 5 mL min
-1
, in a column of 5.6 x 1 cm and porosity 0.35: points 
correspond to the experimental values, the lines (—) the simulations obtained with Bi-
Langmuir isotherm. The axial dispersed plug flow model with LDF approximation was used 
to fit the experimental breakthrough curves. 
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Figure 3.9 Concentration of V and S versus time at the adsorption column outlet. Conditions: 
column with SP700 resin for different feed concentrations at 298 K and feed flowrate of          
5 mL min
-1
, in a column of 5.6 x 1 cm and porosity 0.35: points correspond to the 
experimental values, the lines (—) to the mathematical modelling with Bi-Langmuir 
isotherm. The axial dispersed plug flow model with LDF approximation was used to fit the 
experimental breakthrough curves. 
 
 
Figure 3.10 Concentration of VA and SA versus time at the adsorption outlet. Conditions: 
column with SP700 resin for different feed concentrations at 298 K and feed flowrate of     
5.25 mL min
-1
, in a column of 5.6 x 1 cm and porosity 0.35: points correspond to the 
experimental values, the lines (—) to the mathematical modelling with Bi-Langmuir 
isotherm. The axial dispersed plug flow model with LDF approximation was used to fit the 
experimental breakthrough curves. 
0.0
0.1
0.2
0.3
0.4
0.5
0 50 100 150 200 250 300 350
C
i
(g
 L
-1
)
Time (min)
V, 298 K 0.38 g L-1 (rep 1)
V, 298 K 0.38 g L-1 (rep 2)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 25 50 75 100
C
i
(g
 L
-1
)
Time (min)
V, 298 K 3.94 g L-1V, 298 K, Ci,feed 3.94 g L
-1
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 25 50 75 100 125 150
C
i
(g
 L
-1
)
Time (min)
S, 298 K 4.11 g L-1V, 298 K, Ci,feed 0.38 g L
-1 (rep 1)
V, 298 K, Ci,feed 0.38 g L
-1 (rep 2)
S, 298 K, Ci,feed 4. 1 g L
-1
0.0
0.3
0.5
0.8
1.0
1.3
1.5
0 50 100 150 200
C
i
(g
 L
-1
)
Time (min)
Va 0.67
Va 1.24
VA, 298 K, Ci,feed 0.67 g L
-1
VA, 298 K, Ci,feed 1.24 g L
-1
0.0
0.2
0.4
0.6
0.8
1.0
0 100 200 300 400 500
C
i
(g
 L
-1
)
Time (min)
SA 0.165
SA 0.69
SA, 298 K, Ci,feed 0.16 g L
-1
SA, 2 8 K, Ci,feed 0.69 g L
-1
Adsorption studies of  V, S, VA, SA in aqueous solution 107 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin  
 
In batch equilibrium adsorption experiments it was observed that the adsorption capacity was 
slightly higher for syringaldehyde than vanillin. This trend was also observed with fixed bed 
studies, for feed concentrations of 1 g L
-1
 and 4 g L
-1
. The experimental adsorbed amounts given in 
Table 3.3 for syringaldehyde were 13 to 20 % higher than the adsorbed amounts obtained for 
vanillin experiments, regardless of the selected temperature. 
In the particular case of vanillin and syringaldehyde adsorption at 298 K and feed concentration of 
approximately 1 g L
-1
 shown in Figure 3.8, the adsorbed amount of syringaldehyde (0.412 g g
-1
dry resin, 
given in Table 3.3) was about 20% higher than that for vanillin adsorption at the same experimental 
conditions (0.343-0.344 g g
-1
dry resin, given in Table 3.3). Additionally, the experimental adsorbed 
amount and stoichiometric time obtained for each compound, satisfactorily matched the predicted 
values (Table 3.3). The stoichiometric time prediction standard deviations (SD) were below 3% 
(Table 3.3). 
Desorption studies with water were performed for the experiments with vanillin and 
syringaldehyde adsorption at 298 K and feed concentration of 1 g L
-1
. After eluting 9 hours with 
the feed flowrate and temperature used for the adsorption (approximately 1750 BV), about 83-85 % 
of the adsorbed amount of vanillin and syringaldehyde was desorbed. As it can be seen from Figure 
3.8, the shape of the desorption curve is different from the adsorption curve because of the non-
linearity of the adsorption equilibrium. Additionally, the Bi-Langmuir satisfactorily predicted the 
experimental desorption points.  
It is important to notice that desorption studies performed with water were considerably time-
consuming and led to a high dilution of the final solution obtained. In order to obtain a more 
feasible desorption process other solvents must be applied when the recovery of vanillin and 
syringaldehyde is envisaged. Considering this, existing literature shows the advantage of 
employing organic solvents as eluting agent (13, 20, 21, 64-66). Wang et al. (13, 64) demonstrated 
that about 95-96 % of vanillin and syringaldehyde could be desorbed from the nonpolar D101 resin 
with 1.3 bed volumes of ethyl acetate. The advantage of using ethanolic solutions to desorb 
phenolic compounds from polymeric resins has also been shown in several works (20, 21, 65, 66) 
and was summarized in Chapter 2 – state of the art (section 2.5.4.1). Existing literature shows high 
recoveries employing aqueous ethanolic solutions with ethanol concentrations higher than 80%.  
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Figure 3.11 shows the experimental and model predicted monocomponent breakthrough curves of 
the experiments performed with vanillin and syringaldehyde for a feed concentration of 
approximately 1 g L
-1
 at 313 K. It is observed that syringaldehyde is adsorbed in a higher amount 
than vanillin, as also verified for the 298 K experiments. As expected, the adsorbed amount of 
these compounds at 313 K was smaller than at 298 K (Table 3.3) due to the exothermic nature of 
the adsorption process onto SP700. Previous equilibrium batch experiments showed that the 
adsorption capacity was negatively affected by the increase of temperature. 
 
 
Figure 3.11 Concentration of V and S versus time at the adsorption outlet. Conditions: Feed 
of approximately 1 g L
-1
 onto the SP700 resin at 313 K and feed flowrate of 5 mL min
-1
, in a 
column of 5.6 x 1 cm and porosity 0.35: points correspond to the experimental values, the 
lines (—) to the mathematical modelling with Bi-Langmuir isotherm. The axial dispersed 
plug flow model with LDF approximation was used to fit the experimental breakthrough 
curves. 
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Figure 3.12 shows the breakthroughs performed for vanillic and syringic acids at 288 K and 313 K 
where it is possible to observe that the adsorptive capacity decreases with the increase of 
temperature, also observed for batch experiments and in agreement with the expected exothermic 
nature the adsorption process. 
 
 
Figure 3.12 Concentration of VA and SA versus time at the adsorption outlet. Conditions: 
column with SP700 resin for different feed concentrations at 288 or 313 K and feed flowrate 
of 5.25 mL min
-1
, in a column of 5.6 x 1 cm and porosity 0.35: points correspond to the 
experimental values, the lines (—) to the mathematical modelling with Bi-Langmuir 
isotherm. The axial dispersed plug flow model with LDF approximation was used to fit the 
experimental breakthrough curves. 
 
Comparatively to desorption with water, the main benefit of using ethanolic solutions to recover 
the phenolic compounds is the shorter desorption times needed which results in less eluent 
consumption and simultaneous sample concentration. For these reasons, ethanol:water             
(90:10, % V/V) solution was chosen to perform further desorption studies and will be detailed in     
Chapter 4. 
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3.4.4. Multi-component adsorption studies 
 
Binary adsorption studies with vanillin and syringaldehyde onto SP700 resin were performed in 
order to assess competition phenomena among themselves. The extended Bi-Langmuir model was 
applied to describe the local binary equilibria.  
Binary batch equilibrium adsorption studies with vanillin and syringaldehyde were performed at 
298 K employing different amounts of resin and starting from a feed solution containing 2.12 g L
-
 
1
 
and 2.62 g L
-1
, respectively. In Figure 3.13-A it is shown the experimental adsorbed amounts 
obtained for each compound and the respective adsorbed amounts predicted with the extended Bi-
Langmuir model. Table 3.5 summarizes the equilibrium concentrations achieved and the respective 
experimental and predicted adsorbed amounts. It is possible to observe that this model successfully 
describes the adsorption of vanillin in the presence of a similar amount of syringaldehyde, or vice-
versa, with deviation values below 6%. 
One fixed bed assay was performed with an aqueous solution containing 1.16 g L
-1
 and 1.09 g L
-
 
1 
of vanillin and syringaldehyde, respectively. The mixture was loaded onto the same column bed 
used in the pure component experiments at 298 K and feed flowrate of 5 mL min
-1
. Figure 3.13-B 
portrays the experimental and predicted values by the extended Bi-Langmuir model. Table 3.6 
summarizes the respective experimental adsorbed amounts and the predicted ones with the 
extended Bi-Langmuir model. Likewise to the studies performed in batch, the extended Bi-
Langmuir model reasonably predicts the adsorption capacity obtained for each compound. 
 
 
Figure 3.13 Binary V and S experimental adsorbed amounts obtained for different 
equilibrium concentrations in A. batch and B. dynamic adsorption studies and, the respective 
adsorption amount predicted with the extended Bi-Langmuir model. 
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Table 3.5 Equilibrium concentrations, experimental adsorbed amounts and predicted 
adsorbed amounts with the extended Bi-Langmuir model for binary batch equilibrium 
adsorption experiments employing different amounts of SP700 resin starting with a feed 
solution containing 2.12 g L
-1
 of V and 2.62 g L
-1
 of S at 298 K 
Ce,i  
g L
-1
 
qads,exp 
g g
-1
dry resin 
qads,pred 
g g
-1
dry resin 
%SD* 
V S V S V S V S 
0.68 0.65 0.179 0.245 0.171 0.259 4.3 5.5 
1.15 1.14 0.198 0.303 0.202 0.317 2.0 4.3 
1.61 1.77 0.213 0.362 0.212 0.367 0.3 1.5 
1.07 1.04 0.191 0.288 0.199 0.306 4.0 5.9 
*SD (%) corresponds to the standard deviation between the experimental and predicted adsorbed amounts, calculated with the following 
expression: 100(%)
,
,exp,



predads
adspredads
q
qq
SD . 
 
Table 3.6 Experimental and predicted adsorbed amounts for binary fixed bed adsorption 
experiments at 298 K, feed flowrate of 5 mL min
-1
, SP700 bed with 5.6 x 1 cm and porosity 
0.35  
  
Ci,feed 
g L
-1
 
qads,exp 
g g
-1
dry resin 
qads,pred 
g g
-1
dry resin 
%SD* 
Binary system 
V 1.16 0.226 0.207 9.1 
S 1.09 0.291 0.308 5.4 
*SD (%) corresponds to the standard deviation between the experimental and predicted adsorbed amounts, calculated with the following 
expression: 100(%)
,
,exp,



predads
adspredads
q
qq
SD . 
 
Figure 3.14 shows the experimental and predicted transient concentration histories of each phenolic 
aldehyde for the binary fixed bed experiment performed. The concentration histories of each 
compound is described with the history obtained by the previously described mathematical model 
comprising the extended Bi-Langmuir model for the multi-component equilibrium prediction, 
linear driving force approximation to describe the intraparticle mass transfer resistance, no radial 
and temperature gradients and constant porosity along the bed. The mass resistance estimated for 
this bi-component experiment is somewhat higher than the one experimentally observed.  
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Figure 3.14 Concentration histories obtained for adsorption onto SP700 resin of a binary 
system containing V (1.16 g L
-1
) and S (1.09 g L
-1
), feed flowrate 5 mL min
-1
, in a column of 
5.6 x 1 cm and porosity 0.35: points correspond to the experimental values and the lines to the 
simulations obtained considering the axial dispersed plug flow model with LDF 
approximation and the extended Bi-Langmuir model (kLDF,V 0.116 min
-1
 and kLDF,S 0.066 min
-1
). 
 
In order to evaluate the influence of pH value change on the adsorption of vanillin, syringaldehyde, 
vanillic acid and syringic acid, two four-component fixed bed adsorption experiments onto a bed of 
SP700 were performed at 298 K and pH values of 3.5 and 6.5. Results are summarized in Appendix 
B. These four-component experiments allowed verifying that at pH value of 6.5 the phenolic acids 
are practically not adsorbed. This behavior was expected due to the pKa value of the phenolic acids 
in water be near 4. Therefore, at pH value of 6.5, it is expected that the phenolic acids are ionized 
and consequently, are not adsorbed by a non-polar resin. 
In the perspective of employing non-polar resins to recover vanillin ad syringaldehyde from real 
oxidized lignin streams, a pH value change can be advantageous to tune the adsorption process 
towards the preferential adsorption of the phenolic aldehydes in detriment of other phenolic acids 
present with lower pKa. 
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3.5. Conclusions 
 
Adsorption studies of vanillin and syringaldehyde onto the macroporous styrene-divinylbenzene 
adsorbents (SP700 and XAD16N) were performed. The respective adsorption equilibrium 
isotherms in aqueous solutions were estimated for different temperatures. SP700 resin revealed 
higher adsorption capacity for vanillin and thus was selected to pursue with further batch 
adsorption studies with vanillic and syringic acids.  
The adsorbed amounts of the phenolic compounds studied had a non-linear behavior with the 
equilibrium concentration and thus, equilibrium data were satisfactorily fitted to Langmuir, Bi-
Langmuir and Freundlich models. The amount of each adsorbed compound decreased with the 
increase of temperature, thus revealing the exothermic nature of the process. Isosteric enthalpy of 
adsorption ranged from -15 to -37 kJ mol
-1
, being the adsorption of vanillic acid the most 
exothermic process. 
Regarding SP700 equilibrium adsorption studies, the amount of each compound adsorbed 
decreased in the following order: S > SA > V > VA. However, maximum adsorption capacity 
obtained with the Langmuir model followed the trend S (0.707 g g
-1
dry resin) > V (0.663 g g
-1
dry resin)  
> VA (0.450 g g
-1
dry resin) > SA (0.423 g g
-1
dry resin); the same trend was obtained with the Bi-
Langmuir model, with maximum adsorption capacity, qm1,i, of S (0.663 g g
-1
dry resin) > V (0.634 g g
-1
dry resin) 
> VA (0.486 g g
-1
dry resin) > SA (0.407 g g
-1
dry resin). The Freundlich exponent n was within 2.5 and 
2.9, indicating that the adsorption was favorable.   
Fixed bed adsorption studies for different feed concentrations and temperatures were performed for 
the four compounds. The transient concentration histories along time were satisfactorily described 
with the axial dispersed plug flow model comprising the Bi-Langmuir isotherm and the LDF 
approximation to represent the intraparticle mass transfer. 
Vanillin and syringaldehyde desorption studies with water revealed to be a very time consuming 
process that greatly dilutes the desorbed phenolic compounds. Therefore, other studies towards 
improving desorption step with more efficient solvents will be conducted in order to find a more 
feasible desorption process for vanillin and syringaldehyde recovery.  
Adsorption studies of the binary mixture of vanillin and syringaldehyde were successfully 
described employing the extended Bi-Langmuir isotherm model. 
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4. Successful recovery and concentration of vanillin, 
syringaldehyde, vanillic acid and syringic acid with 
ethanol/water solution
1
 
 
The recovery of purified fractions of vanillin (V) and syringaldehyde (S) from an oxidized lignin 
medium has attracted considerable attention driven by the high added value of these products and 
the importance of lignin valorisation processes in biorefineries. Polymeric resins with high specific 
area can be a viable option for the adsorption of aromatic compounds in polar solvents and 
desorption with less polar solvents for their recovery. 
In this chapter, mono-component batch and fixed bed adsorption experiments are performed with 
vanillin and syringaldehyde onto SP700 resin in ethanol:water (90:10, % V/V) solutions to obtain 
the respective isotherm models at 298 K and 313 K. The adsorption behaviours of vanillin and 
syringaldehyde are described by Linear and Freundlich models.  
On the perspective of the real application of SP700 resin for recovery of vanillin and 
syringaldehyde, fixed bed is first loaded with an aqueous solution of each compound and then 
desorption is performed with ethanol:water (90:10 % V/V). A similar study is performed with the 
correspondent model solutions of the phenolic acids: vanillic (VA) and syringic (SA) acids. More 
than 83% of each compound is readily desorbed within 16-20 bed volumes, yielding to final 
enriched solutions of each phenolic compound.  
The desorption histories for vanillin and syringaldehyde at the outlet of the fixed bed are 
successfully described by the mathematical model comprising the equilibrium isotherms and linear 
driving force rate equations to describe the diffusional mass transfer inside the resin.  
This work demonstrates that the adsorption of the phenolic compounds from aqueous solution onto  
SP700 bed and desorption with ethanol:water (90:10, % V/V) solution can be a promising approach 
for the recovery of these compounds from lignin oxidation mixture. The high level of concentration 
                                                     
1 This chapter is based on the paper 
Mota, I. F., Pinto, P. C. R., Loureiro, J. M. and Rodrigues, A. E. (2016) Successful recovery and concentration of vanillin 
and syringaldehyde onto a polymeric adsorbent with ethanol/water solution. Chem. Eng. J., 294: 73-82.  
Mota, I. F., Barbosa, S., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E., Adsorption of vanillic and syringic acids onto a 
macroporous polymeric resin and recovery with ethanol:water (90:10, % V/V) solution (draft in preparation). 
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achieved with this strategy and the type of solvent used is favourable for any further processing 
step, such as crystallization or spray drying. 
 
 
4.1. Introduction 
 
The demand for obtaining purified fractions of vanillin and syringaldehyde using greener 
methodologies and lower environmental impact technologies led to an increase of adsorption 
studies already summarized in Chapter 2. Additionally, adsorption processes are widely studied and 
referred to as a promising technology to recover phenolic compounds from numerous sources.  
Has as already been stated in the previous chapters, the adsorption studies of phenolic compounds 
employing polymeric resins (1) has increased in the recent years due to their enhanced capacities of 
adsorption, chemical stability and inertness and, most of all, due to the fact that recovery and 
regeneration of these compounds can be performed all together in one step  (2, 3). 
Regarding the recovery of vanillin and syringaldehyde from this type of resins, it has been shown 
in Chapter 3 that using water as eluting agent can be very time consuming with the additional 
disadvantage of noteworthy compounds dilution, generating a high volume and thus, hindering the 
development of a feasible industrial process. The use of organic solvents can provide a good 
alternative to overcome this drawback.  
The adsorption and desorption behavior of phenolic compounds onto polymeric adsorbents are 
explained by the solubility parameter. This parameter, also known as the Hildebrand solubility 
parameter (4), is defined as the square root of the cohesive energy density;  since the cohesive 
energy density is obtained from the heat of vaporization, this parameter is related with the van der 
Waals forces holding the molecules together. In general, the Hildebrand’s model follows the 
generic rule ‘like likes like’; thus, it is expected that two solvents are miscible and have the same 
dissolving capabilities or one solute is soluble in a solvent if their intermolecular van der Waals 
attractive forces, cohesive energy density, and solubility parameter values are similar (5). 
Considering this, the aromatic nonpolar adsorbent will be greatly selective for aromatic adsorbates, 
particularly in polar solvents such as water, where the adsorbate has limiting solubility. On the 
other side, the best elution or regenerating solvent is that with lower solubility parameter. 
Therefore, acetone, methanol or ethanol can be a good choice of eluents, recovering the solute from 
the adsorbent with minimum volume consumption. Nonetheless, the solubility of the solute in the 
organic solvent acting as eluent must be high enough to allow rapid dissolution after the solvent 
diffusion from the adsorption sites. 
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Desorption studies of several phenolic compounds from polymeric resins using methanolic (3) or 
ethanolic (6-9) solutions have been performed and demonstrated that a concentrated final solution 
can be obtained since almost all of the adsorbed compounds can be recovered using few bed 
volumes of solvent. Some of these studies refer to vanillin desorption with ethanolic solutions. To 
our knowledge there are no desorption studies employing ethanolic solutions to recover 
syringaldehyde, vanillic acid and syringic acid from polymeric resins. Furthermore, Wang et al. 
(10) reported the recovery of 96.2% and 94.7% of vanillin and syringaldehyde, respectively, 
employing low volumes of ethyl ether.  
In this chapter, adsorption studies of vanillin and syringaldehyde in ethanol:water (90:10, % V/V) 
solutions onto the macropourous polymeric adsorbent SP700 were performed for the first time. 
Linear and Freundlich isotherm models were established for 298 K and 313 K. Furthermore, 
desorption studies employing ethanol:water (90:10, % V/V) solutions as eluent were conducted for 
different bed loadings with aqueous and with ethanolic solutions of vanillin and syringaldehyde. 
Modelling of concentration histories of both compounds at the fixed bed outlet was successfully 
accomplished. Desorption studies employing ethanol:water (90:10, % V/V) solutions were 
performed for vanillic acid and syrinigc acid as well, after loading the bed with aqueous solutions 
of each phenolic acid. 
 
 
4.2. Experimental description 
 
 
4.2.1. Chemicals, adsorbents and quantification analytical method 
 
Model solutions of vanillin (Sigma-Aldrich, purity  98%) and syringaldehyde (Sigma-Aldrich, 
purity  98%) were prepared with 90 % ethanol (Panreac) and 10% deionized water (% V/V) 
solution to obtain the adsorption equilibrium isotherms.  
Results report to experiments conducted with the styrene-divinylbenzene-based synthetic resin 
SP700 (Mitsubishi Chemical Corporation). The resin was prepared and cleaned as previously 
described in Chapter 3 – section 3.2.3.  
In the desorption studies employing ethanol:water (90:10, % V/V) solution, a bed of SP700  resin 
was previously loaded with several aqueous solutions of vanillin, syringaldehyde, vanillic acid 
(Sigma-Aldrich, purity ≥ 97%)  and syringic acid (Sigma-Aldrich, purity ≥ 95%).  
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Each model solution was previously filtered through a 0.2 µm nylon membrane (Whatman
®
) by 
means of a diaphragm vacuum pump (Vacuubrand GMBH, Germany) and ultrasonic degassed 
(Liarre, model Starsonic 35, Italy). 
The phenolic compounds were quantified by HPLC-UV using the procedure, method and 
equipment as described in Chapter 3 – 3.2.2. 
 
 
4.2.2. Batch adsorption equilibrium studies 
 
Adsorption equilibrium studies for vanillin and syringaldehyde solutions prepared in ethanol:water 
(90:10, % V/V) were performed at 298 K and 313 K employing the batch bottle point method. 
Different initial volumes, feed concentrations and adsorbent amounts were used: 0.06 L and 0.10 L, 
0.3 to 1 g L
-1
 and, 0.2 to 10 g of adsorbent (dry weight), respectively. To ensure equilibrium, 
samples were shaken at 160 rpm for 72 h in an orbital shaker (Lab Companion model SI-300R). 
The pH (VWR model pH110) was monitored and remained constant throughout the experiments 
(around 4.7 for vanillin and 5.3 for syringaldehyde). 
The adsorbed phase concentration of species ‘i’ at equilibrium (qi,e, g g
-1
dry resin) is calculated from a 
mass balance between the adsorbent and liquid phases (Equation 3.3).  
 
 
4.2.3. Fixed bed adsorption and desorption experiments  
 
Fixed bed adsorption studies were carried out in a jacketed glass column (Götec, Germany) of    
11.3 cm length, 2.6 cm internal diameter and bed porosity of 0.35 (determined from tracer 
experiments with blue dextran). One bed volume (BV) corresponds to the bed void volume of 
approximately 21 mL.  Vanillin and syringaldehyde solutions were fed to the column with a 
Smartline Pump 1000 (Knauer, Germany) at isothermal conditions guaranteed by a thermostatic 
bath (Lauda model E200). Different temperatures (298 and 313 K) and feed concentrations 
(ranging from 10 to 50 g L
-1
) were studied at fixed feed flowrate (1.1 mL min
-1
). The bed was 
preconditioned with ethanol:water (90:10, % V/V) solution before experiments. 
Desorption assays were performed with ethanol:water (90:10, % V/V) solution for the same 
experimental conditions used in adsorption. After each run, the column was regenerated by eluting 
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about 48-70 BV of ethanol:water (90:10, % V/V) solution, assuring by this way the removal of any 
residual vanillin or syringaldehyde. 
The experimental (tst,exp, min) and predicted (tst,pred, min) stoichiometric times were obtained by the 
Equations 3.4 and 3.5, considering constant feed flowrate (11, 12). For tst,exp determination, it was 
calculated the area underneath the curve of the plot 1-Ci/Ci,feed vs time, with the trapezoidal rule.  
The experimental adsorbed (qads,exp, g g
-1
dry resin) and desorbed (qdes,exp, g g
-1
dry resin) phase 
concentrations were assessed from global mass balances to the adsorption and desorption steps (13) 
with Equations 3.7 and 3.8, respectively.  
It was calculated the ratio between qdes,exp and qads,exp corresponding to the removal percentage in 
each adsorption/desorption cycle performed.  
 
 
4.2.4. Desorption studies with ethanol:water (90:10, % V/V) for recovery of 
vanillin, syringaldehyde, vanillic acid and syringic acid after adsorption from 
aqueous solution 
 
Desorption studies with ethanol:water (90:10, % V/V) solutions were performed after feeding a 
SP700 fixed bed with aqueous solutions of vanillin, syringaldehyde, vanillic acid and syringic acid. 
The adsorption was performed
 
as described in Chapter 3 – section 3.2.6 for feed concentrations 
ranging from 0.4 to 4 g L
-1
 for the phenolic aldehydes and from 0.16 to 1.40 g L
-1 
for the phenolic 
acids, achieving loadings from 0.235 to 0.641 g g
-1
dry resin for the phenolic aldehydes and 0.181 to 
0.384 g g
-1
dry resin for the phenolic acids. 
In this study a smaller jacketed glass column was used of 5.6 cm length, 1 cm of internal diameter 
and 0.35 of bed porosity. One bed volume (BV) corresponds to the bed void volume of 
approximately 1.54 mL. Desorption experiments were carried out at the same temperature and feed 
flowrate employed during bed loading. Desorption concentrations were monitored by HPLC-UV as 
described before (Chapter 3 – section 3.2.2) and the experimental desorbed phase concentration 
(qdes,exp, g g
-1
dry resin) was calculated with Equation 3.8. A removal percentage for each desorption run 
was estimated considering the ratio between qdes,exp and qads,exp. After each adsorption and 
desorption experiment, the bed was regenerated as described in 3.2.6 employing a 0.1 M NaHCO3 
solution. 
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4.3. Mathematical modelling 
 
 
4.3.1.  Adsorption equilibrium modelling 
 
Linear and Freundlich models were applied to describe the adsorption equilibrium points obtained.  
In the Linear isotherm (14), the concentration in the solid phase is proportional to the concentration 
in the liquid phase. It is assumed that the molecules adsorbed are widely spaced over the adsorbent 
surface and no interference between molecules occurs.  The isotherm is described by the following 
expression: 
eiLinei CKq ,,   Equation 4.1 
where KLin (L g
-1
dry resin) is the equilibrium distribution coefficient. 
The empirical Freundlich isotherm (15), given by Equation 3.13, considers an heterogeneous 
adsorbent surface; it is assumed that different adsorption energies are grouped into independent 
patches with no interaction (16).  
The isotherm parameters were obtained by least-squares fitting of results in order to minimize the 
sum of the squared residuals (SSR) of the difference between experimental and predicted 
equilibrium adsorbed phase concentrations. 
 
 
4.3.2. Fixed bed modelling 
 
The experimental fixed bed breakthrough curves were predicted by a set of algebraic and 
differential equations including mass balance for the liquid phase, non-linear adsorption isotherm, 
and mass transfer between the liquid and solid phases descried by the linear driving force (LDF) 
model (17).  
The mass balance in the liquid phase in a bed volume element for species ‘i’ is defined by Equation 
3.15. It is assumed an axially dispersed plug flow model with negligible radial dispersion, 
isothermal operation and constant bed voidage. The Danckwerts boundary conditions (18) were 
applied to define the boundary conditions of the mass balance (given by Equations 3.16 and 3.17). 
As initial conditions, a clean bed was considered for the adsorption stage (Equations 3.18 and 3.19).  
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An overall effective mass transfer coefficient sk  (min
-1
) is considered and includes intraparticle and 
film mass resistances. The contribution of mass transfer resistances considers the LDF 
approximation and is written as follows: 
 
    tzqtzqk
t
tzq
iis
i ,,
,


   Equation 4.2 
where 

iq  (g g
-1
 dry resin) is the adsorbed phase concentration in equilibrium with the bulk 
concentration at time t in the position z and 
iq (g g
-1
dry resin) is the average adsorbed phase 
concentration of species ‘i’ in the adsorbent particles. 
The axial dispersion in the packed bed was estimated by Equation 3.22, using the experimental 
Peclet number (Pe, dimensionless) obtained (14).  
sk  was estimated considering two resistances in series by means of the following expression (19, 
20): 
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Equation 4.3 
where fk  (m min
-1
) is the external film mass transfer coefficient, 
LDFk  (min
-1
) is the LDF kinetic 
rate constant, pr (m) is the radius of the adsorbent particle, fh (gdry resin g
-1
wet resin) is the dry particle to 
wet particle mass ratio, app (gwet resin L
-1
wet resin) is the particle apparent density, ipeD ,  (m
2
 min
-1
) is 
the effective pore diffusivity,   (dimensionless) is the LDF factor equal to 15 considering 
spherical particles, 
i
i
dC
dq
is the slope of the adsorption equilibrium isotherm (corresponding to the 
slope of the chord  q/C). 
fk  was obtained by the Ranz-Marshall correlation (11): 
2
1
3
1
,
Re6.00.2 Sc
D
dk
Sh
im
pf
  Equation 4.4 
where Sh , Sc  and Re  (dimensionless) are the Sherwood, Schmidt and Reynolds numbers, 
respectively, pd  (m) is the particle diameter, imD ,  (m
2 
min
-1
) is the molecular diffusivity of solute 
i in the solvent. 
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imD ,  of each solute was estimated by the Wilke-Chang correlation (21, 22) as indicated in Chapter 
3 by Equation 3.24. The association factor ( ) suggested for ethanol of 1.5 was assumed for the 
experiments performed with ethanol:water (90:10, % V/V).  
ipeD ,  was calculated by equation 3.23  (22) and tortuosity factor was estimated by the Wakao and 
Smith model (23), corresponding to the inverse of the particle porosity. 
The mathematical model considered was solved in gPROMS (General Process Modelling System, 
version 3.7.1). The system of partial differential and algebraic equations (PDAEs) was solved 
numerically using the DASOLV integrated solver by discretizing the axial dimension onto 100 
finite elements through a second order polynomial colocation method (OCFEM). 
 
 
4.4. Results and discussion 
 
 
4.4.1. Adsorption equilibrium isotherms of vanillin and syringaldehyde in 
ethanol:water (90:10, % V/V) onto SP700 resin 
 
Batch and fixed bed experiments onto SP700 resin were conducted with vanillin and 
syringaldehyde in ethanol:water (90:10, % V/V) solutions at 298 K and 313 K. Fixed bed studies 
will be discussed with more detail in section 4.4.2. The adsorbed phase concentrations and 
respective equilibrium concentrations for all the experiments are plotted in Figure 4.1. It is possible 
to observe that within the range of equilibrium concentrations studied, no significant variations on 
the adsorption capacity were observed with temperature change. Therefore it was considered that 
no enthalpy change was involved in the adsorption process and all experiments were combined to 
assess the same Linear and Freundlich isotherms for both studied temperatures. Linear regression 
was performed to obtain the linear isotherm and Freundlich model parameters were obtained by 
least-squares fitting of the data through minimizing the sum of the squared residuals between the 
experimental points and the estimated values.  
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Figure 4.1 Adsorption isotherms of vanillin (V) and syringaldehyde (S) in ethanol:water 
(90:10, % V/V) onto the resin SP700 at 298 K and 313 K. The dots represent experimental 
data, the line (—) the Freundlich model plot and the dashed line (- -) the Linear model plot; V 
– vanillin and S - syringaldehyde. 
 
The isotherm models obtained are plotted in Figure 4.1 and the respective parameters are indicated 
in Table 4.1. It is possible to observe that the adsorbed phase concentration varies almost linearly 
with the equilibrium concentration; however, the best fit is given by the Freundlich model. Since 
the adsorption is almost linear, n is very close to one (1.1) and inferior to that obtained for the 
adsorption of vanillin (n = 2.7) and syringaldehyde (n = 2.8) in aqueous solutions onto the same 
resin SP700. Moreover, the equilibrium constant KF for adsorption of vanillin and syringaldehyde 
from ethanol:water (90:10, % V/V) are remarkably lower (Table 4.1) when compared with the 
equil ibrium constant obtained for adsorption of vanil l in and syringaldehyde from 
aqueous solution onto the same adsorbent  (Table 3.2: KF = 0.3350 (g g
-1
dry resin)( L g
-1
)
1/n
 
and KF = 0.4076 (g g
-1
dry resin) ( L g
-1
)
1/n
 at 298 K, respectively). 
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Table 4.1 Equilibrium parameters obtained for adsorption of vanillin (V) and syringaldehyde 
(S) onto SP700 resin in ethanol:water (90:10, % V/V) solutions 
Compound T (K) Model  Parameters  


n
i
calcqq
1
2
exp
 R
2
 
V or S 
298 
or 
313 
Linear KLin (L g
-1
dry resin) 0.0038 47.1x10
-5
 0.9947 
Freundlich 
n 
 
1.1 
9.93x10
-5
 0.9989 
KF (g g
-1
dry resin)( L g
-1
)
1/n
 0.0060 
 
These results meet what was experimentally observed: the adsorption of these compounds in 
ethanol:water (90:10, % V/V) solution was less favorable than it was in water. Therefore, in the 
former it is necessary higher equilibrium concentrations of each compound to reach the same 
adsorbed phase concentrations of vanillin or syringaldehyde in water.  
Many studies have shown that polymeric resins can adsorb ethanol and other alcohols (24-30). 
Nielsen et al. (30) have shown that the higher the chain length of the alcohol, the greater is the 
adsorption capacity onto nonpolar resins due to the increase of the hydrophobic nature of the 
alcohol. Thus, the adsorptive interaction between the ethanol and the resin polymer occurring in 
preconditioning phase and its competitive effect with vanillin and syringaldehyde during the 
solution loading can partially explain the sharp decline in the adsorption capacity of these 
compounds when changing the solvent from water to ethanol:water (90:10, % V/V).  
Moreover, the solubility of vanillin and syringaldehyde in ethanol:water (90:10, % V/V) mixture is 
higher than in water disfavoring the adsorption onto a resin of hydrophobic nature. In accordance, 
Payne et al. (31) have demonstrated this effect for phenol and anisole: these compounds did not 
adsorb onto styrene divinylbenzene resin when dissolved in hexane, but are both promptly 
adsorbed when the solvent is water.  
When comparing the adsorption capacities of vanillin and syringaldehyde onto SP700 adsorbent 
dissolved in water (Table 3.2: 0.663 and 0.707 g g
-1
dry resin for vanillin and syringaldehyde, 
respectively) or in ethanol:water (90:10, % V/V) solutions, one can infer that aqueous media favors 
adsorption and that ethanolic solutions are more suitable for desorption and recovery of the 
phenolic compounds.  
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4.4.2. Modelling of fixed bed adsorption and desorption of vanillin and 
syringaldehyde in ethanol:water (90:10, % V/V)  
 
Fixed bed assays with ethanol:water (90:10, % V/V) solutions of vanillin or syringaldehyde were 
performed in a bed column of 11.3 cm length and 2.6 cm of diameter for a feed flowrate of  
approximately 1.1 mL min
-1
. Different feed concentrations (ranging from 10 to 50 g L
-1
) and two 
temperatures (298 K and 313 K) were studied with the purpose of completing batch adsorption 
experiments and thus, obtaining the isotherm models already discussed in the previous section. 
Table 4.2 summarizes the main results for each compound and condition. In general, the predicted 
stoichiometric times and adsorbed amounts obtained from the Freundlich model are closer to the 
experimental ones. This fact confirms the suitability of the Freundlich, compared with the Linear 
model, to describe the adsorption equilibrium data of vanillin and syringaldehyde, as previously 
referred. 
A mathematical model considering mass balance, isotherm model and LDF approximation was 
implemented to describe the adsorption breakthrough curves obtained (detailed in 4.3). The 
parameters of the mathematical model (Reynolds, Schmidt and Sherwood numbers, axial 
dispersion, molecular diffusivity and effective pore diffusivity) are summarized in Table 4.3. For 
each experiment carried out, the overall mass transfer resistance coefficient estimated as described 
in section 4.3.2 is specified in Table 4.2 and accounts for the contribution of film and particle mass 
transfer resistances. Increasing the concentration, the slope q/C decreases resulting in higher 
mass transfer coefficient ks and thus, lower mass transfer resistances. Considering the experiments 
performed for vanillin at 298 K, through Figure 4.2 it is possible to observe the following trend: ks 
increases linearly with the increase in concentration (with a correlation coefficient R
2
 of 0.9721 
obtained for vanillin). 
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Table 4.3 Parameters used for simulation of V and S breakthroughs in ethanol:water      
(90:10, % V/V) solutions , for a feed flowrate of 1.1 mL min
-1
 and a bed of SP700 resin with 
11.3 x 2.6 cm and porosity 0.35 
Compound 
T 
K 
Re 
Dax 
m
2
 min
-1
 
Sc Sh 
Dm,i  
m
2
 min
-1
 
Dpe,i 
m
2
 min
-1
 
V 298 0.0083 4.98x10
-6
 3733 2.85 3.23x10
-8
 1.71x10
-8
 
313 0.0119 4.98 x10
-6
 1663 2.78 4.99x10
-8
 2.65x10
-8
 
S 298 0.0083 4.98 x10
-6
 4126 2.88 2.92x10
-8
 1.55x10
-8
 
 
 
Figure 4.2 Representation of ks vs feed concentration for V and S in ethanol:water           
(90:10, % V/V) solutions (298 K, feed flowrate of 1.1 mL min
-1
 and a bed of SP700 resin of 
11.3 x 2.6 cm with 0.35 porosity).  
 
Figure 4.3, Figure 4.4 and Figure 4.5 show the experimental and predicted adsorption breakthrough 
and desorption curves for of vanillin and syringaldehyde in ethanol:water (90:10, % V/V) 
solutions. Desorption experiments were performed at the same temperature as the respective 
breakthrough assays and employing the same solvent as the eluting solution (ethanol:water           
(90:10, % V/V) mixture).  
Each breakthrough was modelled considering the equilibrium Linear and Freundlich isotherms 
obtained. A good agreement between the experimental values and the simulated breakthrough 
curve using the Freundlich model was found. The linear model obtained also gives a reasonable fit 
for the majority of experiments. As discussed previously in section 4.4.1, in the presence of 
ethanol:water (90:10, % V/V) the adsorption capacity varies almost linearly with the equilibrium 
concentration. This is the reason why the shape of the desorption curve is nearly the same as in the 
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experimental adsorption curve. Additionally, almost no influence of temperature in the adsorption 
capacity was verified, within the temperature range studied.  
 
Figure 4.3 Normalized concentration of V and S versus time at the column outlet in the 
adsorption and desorption, both in ethanol:water (90:10, % V/V) solutions. Conditions: feed 
of approximately 50 g L
-1
 onto the SP700 resin at 298 K or 313 K, feed flowrate of                      
1.1 mL min
-1
, in a bed of 11.3 x 2.6 cm and porosity 0.35: Points correspond to the 
experimental values, the line (—) the simulated mathematical model with Linear isotherm 
and the dashed line (- -) the simulated mathematical model with Freundlich isotherm.  
 
 
Figure 4.4 Normalized concentration of V and S in ethanol:water (90:10, % V/V) solutions 
versus time at column outlet in the adsorption and desorption, both in ethanol:water        
(90:10, % V/V) solutions. Conditions: feed of approximately 10-12 g L
-1
 onto the SP700 resin 
at 298 K, feed flowrate of 1.1 mL min
-1
, in a bed of 11.3 x 2.6 cm and porosity 0.35: Points 
correspond to the experimental values, the line (—) the simulated mathematical model with 
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Linear isotherm and the dashed line (- -) the simulated mathematical model with Freundlich 
isotherm.  
 
 
Figure 4.5 Normalized concentration of V in ethanol:water (90:10, % V/V) solutions versus time 
at column outlet in the adsorption and desorption, both in ethanol:water (90:10, % V/V) 
solutions. Conditions: feed of approximately 24 g L
-1
 onto SP700 at 298 K and 313 K, feed 
flowrate of   1.1 mL min
-1
, in a bed of 11.3 x 2.6 cm and porosity 0.35: Points correspond to the 
experimental values, the line (—) the simulated mathematical model with Linear isotherm at 313 
K and the dashed line (- -) the simulated mathematical model with Freundlich isotherm.  
 
Table 4.2 shows the desorption percentages of the different experiments conducted for a similar 
desorption period of about 2 hours (approximately 6 BV). Afterwards, complete regeneration of the 
column proceeded by eluting the ethanol:water (90:10, % V/V) solution until no traces of vanillin 
or syringaldehyde were detected. 
For each experiment, the removal percentage standard deviation was 4%, estimated for each 
experiment based upon the standard deviation calculated for Ci,feed considering at least 4 measures 
and its error propagation in the adsorbed phase concentration. Therefore, for experiments with 
desorption amounts higher than 96% it is considered that complete recovery of the compound was 
achieved within 2 hours. Additionally, this explains the desorption amounts higher than 100% 
obtained. Errors associated with concentration measurement and inaccurate integration of the areas 
due to lack of experimental points can also contribute to the values of desorption amounts higher 
than 100%. 
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In general, complete regeneration of the bed was achieved for all fixed bed assays. However, for 
experiments conducted at 313 K complete desorption of the compounds took longer time than at 
298 K. From Table 4.2, it is possible to observe that after saturating the column with a feed stream 
of approximately 24 g L
-1
 and desorption period of 2 h, about 87% of vanillin was recovered at  
313 K assay against the 99% of vanillin desorbed at 298 K. A similar observation can be made for 
vanillin experiments conducted at a feed stream of 49 g L
-1
.  
 
 
4.4.3. Desorption studies with ethanol:water (90:10, % V/V) for recovery of 
vanillin, syringaldehyde, vanillic acid and syringic acid after adsorption from 
aqueous solution 
 
The choice of the desorption solvent is very important to determine the viability of an adsorption 
process. The solvent must overcome van der Waals attractive forces that bind the adsorbate to the 
resin, and assure enough solubilization of the adsorbates after solvent diffusion to and from the 
adsorption site.  
Previously, in Chapter 3, it was shown that desorbing vanillin and syringaldehyde from a packed 
bed of SP700 resin with water can be a very time consuming process and consequently, compounds 
are considerably diluted. Employing organic solvents as eluting agents (such as methanol, ethanol 
or acetone) instead of water can be of great advantage. It is known that organic solvents have a 
lower solubility parameter (e.g. methanol 14.5 cal
0.5
 cm
-1.5
, ethanol 12.7 cal
0.5
 cm
-1.5
, acetone        
9.8 cal
0.5
 cm
-1.5
) than water (23.2 cal
0.5
 cm
-1.5
) (3, 32), which turns them more suitable solvents for 
elution/regeneration, when employing  nonpolar resins. Ethanol can be a keen choice since it has 
the additional advantages of being a low-toxicity solvent widely used in perfumes and flavors and a 
posterior step of distillation or crystallization can be easily implemented comparatively to water, 
for example. 
Published literature (6, 7) for similar synthetic cross-linked polymeric resins like the one used in 
this work has shown the advantage of employing aqueous ethanolic solutions to recover the 
phenolics compounds. The highest desorption amounts were achieved when employing pure 
ethanol or an aqueous ethanol mixture with ethanol concentration of 80% V/V. Taking this studies 
into consideration, a solution of ethanol:water (90:10, % V/V) was chosen to proceed with the 
recovery studies. 
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After loading a packed bed of SP700 resin with different vanillin and syringaldehyde aqueous 
solutions, desorption experiments were performed employing the selected eluent. Experimental 
conditions are summarized in Table 4.4 along with the ks estimated by Equation 4.3 and used in the 
mathematical predictions of the elution histories. For this forecasts it was verified that the film 
mass transfer resistance had almost an equal contribution as the particle mass transfer resistance 
(data summarized in Table 4.4).  
 
Table 4.4 Parameters used for simulation of V or S desorption histories employing 
ethanol:water (90:10, % V/V) solution after loading the bed with aqueous solutions of V and 
S of different Ci,feed, for a feed flowrate of 5 mL min
-1
 and a bed of SP700 resin with 5.6 x 1 cm 
and porosity 0.35 
Compound 
Ci,feed  
(g L
-1
) 
qads,exp 
(g g
-1
dry resin) 
T  
(K) 
kLDF 
(min
-1
) 
kf 
(min
-1
) 
ks 
(min
-1
) 
V 
0.38 
0.238 
298 2.02 2.55 1.13 
0.235 
1.07 0.343 298 2.29 2.89 1.28 
1.11 0.314 313 3.55 4.62 2.01 
3.94 0.554 298 2.67 3.37 1.49 
S 
0.96 0.412 298 2.04 2.65 1.15 
0.98 0.356 313 3.18 4.23 1.82 
4.11 0.641 298 2.43 3.14 1.37 
 
 
In Figure 4.6  it is depicted the experimental elution curves obtained using ethanol:water           
(90:10, % V/V) mixture and the predicted desorption histories according to the mathematical model 
presented in section 4.3 and considering Freundlich isotherm. The maximum desorption 
concentration occurred before 1 min elution (slightly after 3 BV), and then the concentration 
sharply decreased within 5 minutes. After that time, the amount of vanillin or syringaldehyde 
eluted was very low. 
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Figure 4.6 Elution histories with ethanol:water (90:10, % V/V) solution after adsorption of V 
or S in aqueous solution onto SP700 resin at 298 K and 313 K, feed flowrate of 5 mL min
-1
, in 
a bed of 5.6 x 1 cm and porosity 0.35: Points correspond to experimental data and lines to the 
mathematical modelling with the Freundlich isotherm.  
 
In general, the mathematical model fits well the experimental data. For predictions of desorption 
with vanillin and syringaldehyde loadings of 0.554 and 0.641 g g
-1
dry resin, respectively, the 
simulation predicted a maximum concentration peak near 90 g L
-1
, somewhat higher than the 
experimentally detected near 75 g L
-1
.  One of the reasons that may explain these differences could 
be the mass transfer resistance coefficient estimation. 
Table 4.5 summarizes the desorbed amounts of vanillin and syringaldehyde accomplished with 
eluting with 16 bed volumes employing ethanol/water (90:10, % V/V) solutions. When comparing 
these elution histories with the ones obtained using water as eluent, in the same conditions (Figure 
3.8), it is very clear the advantage of using ethanolic solution to recover the adsorbed phenolic 
compounds: more than 84% of the compounds were recovered using ethanol/water (90:10, % V/V) 
with less than 16 bed volumes (5 minutes) against the 1750 bed volumes (9 hours of elution) used 
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to recover about 83-85% of the adsorbed phenolics when using water (shown in Chapter 3 – section 
3.4.3).  
 
Table 4.5 Average final concentrations for 5 minutes elution of V, S, vanillic acid (VA) and 
syringic acid (SA) with ethanol:water (90:10, % V/V) at feed flowrate of 5 and 5.25 mL min
-1
 
for the aldehydes and acids, respectively 
 
T  
(K) 
Ci,feed  
(g L
-1
) 
qads,exp 
(g g
-1
dry resin) 
qdes,exp 
(g g
-1
dry resin) 
Removal % 
 (± 5%) 
Caverage  
5min (g L-1) 
V 298 0.38 0.235 0.198 84 7.3 
298 0.38 0.238 0.214 90 8.1 
298 1.07 0.343 0.336 98 13.8 
298 3.94 0.554 0.498 90 25.7 
313 1.11 0.314 0.314 100 13.2 
S 298 0.96 0.412 0.375 91 15.2 
298 4.11 0.641 0.609 95 24.7 
313 0.98 0.356 0.349 98 15.4 
VA 288 1.40 0.384 0.317 83 11.7 
298 0.67 0.235 0.214 91 7.7 
298 1.24 0.296 0.275 93 9.9 
313 1.39 0.262 0.254 97 9.1 
SA 298 0.69 0.320 0.315 98 11.2 
298 0.16 0.183 0.169 92 5.8 
313 0.71 0.287 0.280 98 10.2 
Caverage 5min – average concentration for 5 minutes elution 
 
With elution performed with ethanol:water (90:10, % V/V) for 16 BV: about 25 mL of solution 
was collected having average concentrations of nearly 8, 14 and 25 g L
-1
 according to the feed 
concentration studied being  0.4, 1 or 4 g L
-1
, respectively.  
Desorption studies with ethanol:water (90:10, % V/V) were performed for vanillic and syringic 
acids as well, after being adsorbed from aqueous solutions onto SP700 resin. Similar results as 
obtained for the phenolic aldehydes were obtained.  
Several temperatures and initial feed concentrations were applied during the loading stage, leading 
to different loading amounts of the bed, ranging from 0.183 to 0.384 g g
-1
dry resin. More than 83% of 
vanillic and syringic acids adsorbed were recovered with 20 BV and final enriched solutions of 
each phenolic acid were obtained (ranging from 5.8 to 11.7 g L
-1
). The behavior of the eluted 
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concentration with time for each experiment is shown in Figure 4.7. Similar desorption histories for 
approximately the same loading amounts were observed at 298 K and 313 K (Figure 4.7-A and -B), 
with a maximum concentration peak near 40 g L
-1
 for vanillic acid and near 47 g L
-1 
for syringic 
acid.  
In Figure 4.7-C and -D it is depicted desorption histories at 298 K for two different loading 
amounts of vanillic acid ad syringic acid, respectively. Similarly to what was observed for the 
phenolic aldehydes (Figure 4.6), the maximum concentration peak increased with the increase of 
the loaded amount. 
 
 
Figure 4.7 Elution profiles with ethanol:water (90:10, % V/V) solution after adsorption of 
vanillic (VA) - A and C - and syringic (SA) acids - B and D - in aqueous solution onto SP700 
resin at different temperatures, flowrate of approximately 5.25 mL min
-1
, in a bed of                
5.6 x 1 cm and porosity 0.35: Points correspond to experimental data.  
 
Fixed bed desorption studies revealed that SP700 can be easily regenerated and re-utilized since the 
phenolic compounds can be almost completely recovered, as indicated by the removal percentage 
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given in Table 4.5. This supports the observation already stated in Chapter 3 being an additional 
confirmation that the adsorption nature is mainly physical and that the adsorption process can be 
reversed.  
The results of this work are very promising considering the application of this polymeric resin to 
recover vanillin, syringaldehyde, vanillic acid and syringic acid from mixtures resulting from lignin 
oxidation.  
In addition to the high capacity of this resin for vanillin and syringaldehyde adsorption, as 
previously stated in Chapter 3, this work demonstrates the successful desorption of vanillin and 
syringaldehyde with few bed volumes of ethanolic solution with simultaneous concentration of 
vanillin and syringaldehyde in the final solution. This is advantageous in the perspective of the 
further processing steps to produce purified fractions of each phenolic compound. 
Nonetheless, it is important to highlight that studies with real solutions of oxidized lignin must be 
carried out in order to understand the influence of other reaction products in the adsorption and 
desorption performance of vanillin and syringaldehyde and to evaluate the resin lifetime. 
 
 
4.5. Conclusions 
 
In this work, adsorption and desorption studies of vanillin and syringaldehyde onto SP700 resin 
were performed employing ethanol:water (90:10, % V/V) solutions. Adsorption equilibrium 
isotherms were obtained and an almost linear trend between the adsorbed phase concentration and 
the equilibrium liquid concentration was observed. The adsorption capacity for vanillin and 
syringaldehyde was negatively affected by the presence of ethanol, when compared to adsorption 
capacities existing in literature for aqueous medium. Experimental data were fitted to Linear and 
Freundlich isotherm models, concluding that the latter provided a better description of the 
experimental data. Freundlich isotherm constants for vanillin and syringaldehyde were 68 and 83 
times smaller, respectively, in the presence of ethanol:water (90:10, % V/V) solution than for the 
corresponding aqueous solutions. Experiments conducted at 298 K and 313 K revealed that, within 
the equilibrium concentration range studied (0.3 – 50 g L-1), the temperature effect was negligible 
for both compounds. 
Fixed bed adsorption studies with vanillin and syringaldehyde in ethanol:water (90:10, % V/V) 
solutions were performed for different feed concentrations and temperatures. The respective 
breakthrough curves were successfully modelled considering the isothermal operation with the 
Freundlich isotherm, plug flow with axial dispersion and LDF approximation. 
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The advantage of loading the SP700 bed with aqueous solution of vanillin, syringaldehyde, vanillic 
acid and syringic acid and performing its desorption with ethanol:water (90:10, % V/V) solution 
was clearly stated in this work. More than 83% of recovery was accomplished with 16-20 BV, 
allowing obtaining enriched final solutions of each phenolic compound. For loadings between 
0.183 and 0.642 g g
-1
dry resin (corresponding to different aqueous solutions of each phenolic 
compound ranging from 0.16 to 4.1 g L
-1
), final average concentration samples ranging from 5.3 
and 25.7 g L
-1
 were obtained. The total regeneration of the bed is possible by extending the elution 
to a total of 55 bed volumes. 
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5. Membrane separation of oxidized industrial kraft 
liquor
1
 
 
From the point of view of sustainability of lignocellulosic based biorefineries, membrane and 
adsorption processes are promising technologies to be combined after production of sodium salts of 
vanillin and syringaldehyde by chemical oxidation of lignin.  
This chapter addresses a membrane fractionation study of an oxidized industrial kraft liquor (IKL). 
A three stage fractionation sequence is performed with 50, 5 and 1 kDa molecular weight cut-off 
membranes to study the productivity of each membrane and the respective retention coefficients to 
total solids, ashes and low molecular weight phenolates quantified by HPLC. 
The main goal of this fractionation sequence is to obtain a final stream depleted in the higher 
molecular weight compounds and richer in the lower ones (e.g. vanillin, syringaldehyde). Gel 
permeation chromatography analysis is conducted to help understanding the influence of each 
membrane stage in the molecular weight distribution of the compounds.  
Permeate fluxes and concentration of the different families of solutes in the permeate and retentate 
streams are monitored. Cleaning efficiency of each membrane is evaluated employing 0.1 NaOH 
solution. The contribution of reversible and irreversible fouling for flux decline is analyzed by 
applying the resistances-in-series approach. 
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5.1. Introduction 
 
In the perspective of lignin valorization, ultrafiltration (UF) or nanofiltration (NF) are promising 
membrane separation technologies to recover the low molecular weight phenolic compounds of 
interest from the reaction medium of depolymerized lignin (1-3). Besides having the particularity 
of being easily integrated after the oxidation process, membrane separation constitutes a good 
alternative over other methods (e.g. LLE, evaporation, distillation) since it is an environmentally 
friendly technology with lower energy requirements, good physical and chemical stability, 
reproducible performance and selectivity (4). The key bottlenecks to overcome in membrane 
separation processes are the careful selection of the membranes (e.g. cut-off, material and 
configuration) and operating variables in order to tune the process towards obtaining the desired 
retention levels while assuring an efficient utilization of the membranes with longer longevity and 
acceptable productivities.  
This technology is already widely applied in wastewater treatment, food processing, chemicals 
recovery, and biotechnology and pharmaceutical industries (4-7). Several efforts at innovating with 
new membrane materials and process technologies to improve membrane processes performance 
and profitability are also found in literature (8-10). Furthermore, membrane technology application 
in lignocellulosic-derived streams has been the subject of many studies for lignin fractionation or 
concentration and recovery of hemicellulose or inorganic chemicals (e.g. sodium hydroxide) (11-
17). UF is the most extensively separation process studied; however, NF has also been applied by 
some authors and proved to be beneficial to separate, for example, hemicelluloses from lignin with 
reasonable costs (16, 18). Regarding lignin concentration, UF has been successfully implemented 
in order to reduce reagents consumption during lignin isolation (19).  
To our knowledge there are only two studies applying pressure driven processes aiming at the 
fractionation of oxidized lignin solutions and recovery of the high added value monomers. One of 
these studies encompasses the UF of a synthetic mixture of lignin/vanillin (2) and is focused on the 
influence of membrane cut-off and process variables pH, temperature and feed concentration on 
membrane productivity and vanillin recovery. A second study applies NF to a lignin oxidized 
medium after being extracted with ethyl acetate (3) and evaluates its performance in separating the 
monomers from the other higher molecular weight fractions of lignin oxidation products. Main 
achievements and results of these studies have already been summarized in the state of the art 
(Table 2.9). Both studies are important in the evaluation of the suitability of this technology in the 
recovery/concentration of compounds of interest and to understand the influence of the type of 
membrane and operating conditions. 
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In membrane processes, two distinct and, at the same time, valuable streams can be obtained from 
the oxidized lignin reaction medium: an enriched solution with simple phenolic compounds with 
high added value (e.g. vanillin and syringaldehyde) collected in the permeate stream and a 
concentrated solution in the retentate stream with higher fractions of depolymerized lignin with 
great potential for the production of lignin-based polymers (2, 20-22). In order to obtain purified 
fractions of vanillin and syringaldehyde from the permeate stream, the inclusion of other 
purification treatments such as ion-exchange, adsorption and crystallization have been suggested 
(1, 23, 24). 
In membrane separation processes, flux decline is a major concern and it is important to understand 
the key factors influencing membrane productivity in order to develop an economical feasible 
process.  
A typical evolution of flux with time can be described in 3 phases: 1) initial accentuated drop of 
flux; 2) long-term gradual decrease of flux and 3) reaching of a steady-state flux (4, 25). The initial 
accentuated drop of flux is mainly attributed to osmotic pressure mechanism happening in the first 
seconds of operation. The solute buildup at membrane surface will increase and the concentration 
boundary layer is established. After that the flux will decrease more gradually, the membrane 
surface concentration remains the same, while the thickness of the polarized layer rises 
progressively until reaching a steady state, dependent on the hydrodynamic conditions (25-27).  
Concentration polarization due to solute buildup at the membrane surface and fouling problems 
like pore blockage and solute adsorption, are the major factors responsible for flux decline during 
operation with complex solutions, such as the case of depolymerized lignin solutions (4, 9). 
Membrane fouling is a consequence of concentration polarization and is intrinsically related with 
the chemistry of the membrane surface and solute that determines the type of solute-membrane and 
solute-solute interactions. The former will be responsible for fouling by adsorption of solute on the 
membrane surface (electrostatic attractions/repulsions) and the latter influences fouling caused by 
solute aggregation in solution and/or to molecules already adsorbed on the surface of the 
membrane. 
The concentration polarization phenomena can be minimized by establishing the best set of 
operating conditions that reduce its effects such as equipment design, transmembrane pressure 
(TMP) applied, temperature, flowrate and feed concentration (4). Besides the manipulation of the 
operating parameters, the use of electric fields (10) or modification of  membrane surface 
chemistry (8) are also some of the methods that could be applied to reduce concentration 
polarization phenomena and control fouling.   
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Concentration polarization is considered as a reversible process. According to the type of solute-
membrane interactions, membrane fouling can be classified as reversible or irreversible process. 
The additional reversible and irreversible resistances responsible for the decrease of permeate flux 
can be assessed performing a physical cleaning (rinsing with solvent without TMP) and measuring 
the permeate flux to water after cleaning. Irreversible fouling will be responsible for the decrease of 
the original membrane permeability and, if it is not significant, the membrane permeability can be 
restored with chemical cleaning (e.g. employing NaOH solutions). 
In this work a fractionation sequence of an oxidized industrial kraft liquor (IKL) solution was 
studied for the first time, employing different tubular ceramic membranes with 50, 5 and 1 kDa 
molecular weight cut-offs. This solution contains depolymerized lignin and low molecular weight 
phenolics such as vanillin, syringaldehyde, among others. The evolution of permeate flux was 
monitored in each stage and a resistance-in-series model was used to analyze and quantify the 
fouling formation. Moreover, each permeate and retentate stream was characterized regarding total 
non-volatile solids content (TS), ashes and total low molecular weight phenolates quantified by 
HPLC-UV (TP), in particular the sodium salts of vanillin and syringaldehyde contents and the 
respective apparent rejection coefficients calculated.  
 
 
5.2. Experimental description 
 
 
5.2.1. Chemicals and analytical methods 
 
A membrane fractionation sequence was conducted with an oxidized industrial kraft liquor (IKL) 
solution enriched in some phenolic compounds of interest. About 20 L of oxidized IKL was 
produced in a structured packed bubble column reactor in alkaline medium using a mixture O2/N2. 
This solution was diluted 3 times and enriched in vanillin (V, purity ≥ 98%), syringaldehyde (S, 
purity ≥ 98%), vanillic acid (VA, purity ≥ 97%), syringic acid (SA,  purity ≥ 95%)), acetovanillone 
(OV, purity ≥ 98%), acetosyringone (OS, purity ≥ 97%) and p-hydroxybenzaldehyde (p-OHB, 
Aldrich, purity ≥ 98%), supplied by Sigma-Aldrich, in order to have the composition expected in 
the batch oxidation process. The final pH value of the solution was 10.1. 
Different concentration NaOH (Sigma-Aldrich, purity ≥ 98%) solutions were prepared with 
deionized water to assess membrane fouling and to clean the membranes.   
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Feed, retentate and permeate streams were characterized regarding total non-volatile solids, ashes 
content, viscosity determined by using capillary viscometers, low molecular weight phenolate 
compounds quantified by HPLC-UV, and molecular weight distribution by GPC.  
 
Total non-volatile solids (TS, g L
-1
) and ash content (ashes, g L
-1
) were gravimetrically determined 
as described elsewhere (28) with minor modifications: 0.020 L of each sample            (Vsample, L) 
was added to prior dried crucibles containing sieved and calcined sand at 900 ºC. Afterwards, the 
crucibles were dried overnight in an oven (Venticell, MMM Group, Germany) at 105 ºC and 
incinerated (Eurotherm, USA) at 650 ºC for 10 hours for TS and ashes quantification, respectively. 
After each drying or incinerating step, samples were let to cool down in an exsicator before 
weighing in an analytical balance (model ABT 220-5D, Kern & Sohn GmbH, Germany) allowing 
to obtain the weight of the TS (WTS, g) and ashes (Washes, g). TS and ashes content were determined 
at least in duplicate and are defined by the following equations 
sample
TS
V
W
TS   
Equation 5.1 
sample
ashes
V
W
ashes   
Equation 5.2 
Ashes content (Washes per WTS) was also confirmed by incinerating about 0.10-0.25 g of dried 
sample at 650 ºC. An average value between both determination methods was used to determine 
the ashes content.  
 
Kinematic viscosities of the feed, permeate, and retentate streams were measured with ‘Cannon 
Fenske’ type capillary viscometers (COMECTA, Spain) immersed in a water bath at 25 ºC ±0.5 ºC. 
Two routine viscometer series were used (75 and 50) in order to ensure flow times above                 
200 seconds, thus enabling ignoring the correction of kinetic energy. These viscometers allow 
measuring kinematic viscosities from 0.8 to 6.4 cSt. The analysis procedure encompasses 
measuring the flow time of one sample between two marks indicated in the viscometer. The 
measurement was repeated three times for each sample and the kinematic viscosity (, cSt) 
determined by the following expression: 
t   Equation 5.3 
where   (cSt s-1) is the nominal constant equal to 0.004 cSt s-1 for viscometer series 50 and                
0.008 cSt s
-1
 for viscometer series 75. The dynamic viscosity ( , cP) is obtained as follows: 
   Equation 5.4 
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where   (g cm
-3
) is the density of the solution. The density of the solution was experimentally 
obtained by weighting a known volume of sample at 25 ºC. This procedure was performed in 
triplicate. The density corresponds to the ratio between the sample weight and the corresponding 
measured volume. 
 
The total low molecular weight phenolate compounds concentration (TP, g L
-1
) was determined by 
high performance liquid chromatography with ultraviolet detection (HPLC-UV). A Knauer HPLC 
system (Germany) equipped with a Smartline 5000 online degasser, a Smartline 1000 quaternary 
pump, and a Smartline 2600 UV-DAD was used. The analytical column was an ACE 5 C18-
pentafluorophenyl group (250 x 3.0 mm, 5 µm) with a guard column of the same material. The 
detection wavelength was set to 280 nm and the volume of injection loop was 20 µL. Standard 
solutions were filtered before injection using a 0.2 µm syringe filter (VWR). Chromatograms were 
run at 30 ºC at 0.6 mL min
-1
 using an elution gradient composed by two eluents: A) methanol:water 
(5:95, % V/V) and B) methanol:water (95:5, % V/V), both acidified with formic acid (0.1% V/V). 
The following elution gradient was used: [0-3.30] min 90% A; 6.70 min 80% A; [6.70-20] min  
80% A; 35 min 50% A; 38.3 min 0% A, [38.3-41.7] min 0% A; 45 min 90% A; [45-55] min 90% 
A. 
Before HPLC-UV analyses, samples were prepared by solid-phase extraction (SPE) in order to 
separate the lower molecular weight phenolic compounds from other compounds present in the 
oxidation mixture. SPE was performed at least in duplicate for each sample. 
The procedure used is summarized in Figure 5.1 and is based in Pinto et al. (29) with some minor 
modifications. SPE was performed with Lichrolut EN (40 – 120 µm) 500 mg, 6 mL SPE cartridges 
(Merck) previously conditioned with 7 mL of methanol, afterwards with 15 mL methanol:water  
(95:5, % V/V) solution acidified with formic acid (0.1% V/V) and finally equilibrated with 15 mL 
water:methanol (95:5, % V/V) solution acidified with formic acid (0.1% V/V). Afterwards, each 
sample is diluted with ultrapure water (1:1) and acidified until pH value being lower than 2 
(checked with pH strips - Merck) using a sulfuric acid solution (diluted 1:1, Panreac, purity 96%). 
During acidification, some precipitation occurs and thus, the acidified sample is centrifuged to 
separate the supernatant phase (with the low molecular weight compounds) from the precipitate 
phase. The supernatant is applied to the previously conditioned cartridges and the precipitate 
washed with 5 mL of water:methanol (95:5, % V/V) solution acidified with formic acid (0.1% 
V/V) and centrifuged. The new supernatant is loaded to the same cartridge and this washing step 
repeated two more times. To finalize the loading step, about 2 mL of the acidified water:methanol 
(95:5, % V/V) solution is applied to ensure that all the low molecular weight compounds are 
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adsorbed onto the solid phase. After that, 10 mL of acidified methanol:water (95:5, % V/V) 
solution is applied to recover those compounds, the sample is diluted and quantified by HPLC-UV. 
 
 
Figure 5.1 Solid-phase extraction sequence to prepare samples before being analysed by 
HPLC-UV. 
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Gel permeation chromatography (GPC) analysis was performed using the previously described 
HPLC system. Two Agilent gel columns of highly cross linked polystyrene/divinylbenzene with 
300x7.5 mm arranged in series were used: OligoPore column with nominal particle size 3 µm, that 
measures molecular weights up to 3300 g mol
-1
, and MesoPore column with nominal particle size  
6 µm, that measures molecular weights up to 25000 g mol
-1
. A guard column Oligopore 50x7.5 mm 
was assembled prior to the columns. The detection wavelength was set to 268 nm and the volume 
of injection loop was 20 µL. Separation was performed at 70 ºC and 0.8 mL min
-1
 employing an 
isocratic mobile phase of dimethylformamide with 0.5% LiCl (DMF). 
10 polystyrene molecular weight standards with molecular weights ranging from 162 to                    
4910 g mol
-1 
were analyzed by GPC, preparing different solutions of approximately 5 mg mL
-1
 
dissolved in the same mobile phase solvent. The following linear relationship between MW (g mol
-1
) 
and retention time (tR, min) was obtained: .9745.61502.0  RtLogMW   
Solutions of the feed and final permeates and retentates were previoulsy freeze dried and dissolved 
in the mobile phase solvent and filtered through a 0.2 µm syringe filter (VWR) before injection. 
Since samples did not dissolve completely in the DMF solution, sample preparation procedure was 
set after testing different concentrations of the feed solution (40-2 mg mL
-1
) and submitting to 
stirring, ultrasounds and/or heating up to 46 ºC for 16-72 h. Since, no significant differences were 
observed in the molecular weight (MW) distribution along elution time, the conditions were set for 
preparing 5 mg mL
-1
 solutions stirred for 16 h.  
TP standard solutions of 0.8 g L
-1
 were also analyzed in order to infer if interactions between TP 
and the stationary phase besides exclusion by size are happening (e.g. ion-exclusion, ion-inclusion, 
ion-exchange or adsorption of the solute) or interactions between the monomers themselves. 
 
5.2.2. Equipment and experimental set-up 
 
Experiments were performed in a set-up as shown by the schematic diagram in Figure 5.2, 
equipped with  an ultrafiltration unit (Orelis, France) operated in cross-flow mode, a direct drive 
rotary vane pump (model PA1011, Fluid-O-Tech, Italy), a frequency inverter (MC07, Movitrac
®
B, 
Sew Eurodrive, Germany), inlet and outlet pressure gauges filled with glycerin (Genebre, Spain) 
and a rotameter (Flowtech, China). The pump used is a positive displacement unit that operates 
maintaining the flowrate constant throughout the process.  
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Figure 5.2 Experimental set-up schematics for cross-flow ultrafiltration in concentration 
mode: 1) feed vessel; 2) direct drive rotary vane pump coupled with a frequency inverter; 3) 
membrane module with 4) inlet pressure gauge, 5) outlet pressure gauge, 6) tubular 
membrane and 7) circulating valve;  8) rotameter and 9) collecting permeate vessel; QP: 
permeate flowrate; QR: retentate flowrate. 
 
The ultrafiltration unit withstands maximum operating pressure and temperature of 7 bar and 80 ºC, 
respectively, and maximum differential pressure of 4 bar. Tubular ceramic membranes with            
1 channel, 400 mm length and inside and external diameters of 6 and 10 mm, respectively, were 
used. The area of the membrane is 0.008 m
2
. The permeate chamber holds a volume of 17 mL and 
the collector tube of permeate about 4 mL. Since the permeate side is open to the atmosphere there 
is no back pressure. 
Three different molecular weight cut-off (MWCO) membranes were tested: 50 kDa (purchased 
from CTI, France) and 5 and 1 kDa (Filtanium
TM
, purchased from TAMI, France). The 50 kDa 
MWCO membrane has a ZrO2 active layer on a ceramic support composed with TiO2-Al2O3. The 5 
and 1 kDa MWCO membranes have an active layer of TiO2 on a patented ATZ support composed 
with TiO2-Al2O3-ZrO2. These membranes resist to strong alkaline solutions and the maximum 
operating pressure is 10 bar.  
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5.2.3. Water membrane permeability assessment  
 
Water permeability across the membranes were obtained by measuring deionized water permeate 
flowrate for different transmembrane pressures (TMP, Pa) at 25ºC. The TMP corresponds to the average 
between relative inlet pressure on the feed side and relative outlet pressure on the retentate side.  
The permeate flux (J, m
3
 s
-1
 m
2
) for each TMP is calculated as following (4): 
m
P
P
A
Q
J   Equation 5.5 
where 
PQ  (m
3
 s
-1
) is the permeate flowrate measured for a certain TMP and Am (m
2
) is the 
membrane surface area. Assays were performed with a feed flowrate of 240 L h
-1
. 
 
Water permeate flux (Jw) was determined using new membranes allowing to obtain the membrane 
hydraulic resistance (Rm, m
-1) by applying the Darcy’s law (4): 
m
w
R
TMP
J
0
  Equation 5.6 
where 0 (Pa s) is the viscosity of water at 25 ºC. 
 
Membrane permeability (Lp, m
3
 s
-1
 m
-2
 Pa
-1
) to water is obtained from the slope of the 
representation Jw vs TMP. It represents the amount of liquid crossing the membrane per unit time, 
per membrane area unit and TMP unit. This coefficient will be used to determine the initial 
membrane permeability recovery in each cleaning cycle.  
 
 
5.2.4. Membrane fractionation sequence 
 
The oxidized IKL solution prepared was processed with a three stage membrane fractionation 
sequence as shown in Figure 5.3, starting from the highest MWCO membrane to the lowest: the 
permeate obtained from the first membrane processing with the 50 kDa membrane (P50kDa) is 
treated with the 5 kDa membrane and the corresponding permeate stream obtained (P5kDa) treated 
with the 1 kDa membrane originating a final permeate stream (P1kDa). During each membrane 
processing, permeate and retentate (R50kDa, R5kDa, R1kDa) samples were collected and characterized 
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regarding TS and TP. The molecular weight distribution by GPC was performed for feed and final 
retentates and permeates solutions. The permeate flux evolution with time was measured several 
times along processing after the permeate chamber and collector tube being filled with the 
permeate solution. The permeate flux at different times was calculated for specific time intervals to 
obtain the instantaneous permeate flux (Jp) by applying Equation 5.5.   
 
 
Figure 5.3 Membrane fractionation sequence of an oxidized industrial kraft liquor performed 
with 50, 5 and 1 kDa MWCO membranes.  
 
The assays were performed by operating in concentration mode, at 25.5 ± 1 ºC and a fixed TMP of 
1.4 bar. The retentate flowrate was approximately 120 L h
-1
 for each membrane stage. The pH 
value was monitored during membrane processing and remained constant throughout the process, 
being approximately 10.1. 
In concentration mode, the retentate stream returns to the feed vessel and the permeate stream is 
collected to a different vessel. The 50 and 1 kDa membranes processing were performed until 
reaching a volume concentration factor (VCF) of 3 and the 5 kDa stage up to 3.4.  The VCF 
corresponds to the ratio between the starting volume amount of feed solution (VF, L) and the 
retentate volume amount (VR, L) (4): 
R
F
V
V
VCF   Equation 5.7 
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The apparent rejection coefficient (Ri) represents the fraction of solute retained by the membrane 
(4): 
 
iR
iP
i
C
C
R
,
,
1  Equation 5.8 
where CP,i (g L
-1
) is the concentration of the solute in the permeate and CR,i (g L
-1
) is the  
concentration of the solute in the retentate. The subscript ‘i’ refers to TS, ashes or TP. 
 
5.2.5. Membrane cleaning and fouling evaluation  
 
The membranes, system and tubing were initially washed with 0.1 mol L
-1
 NaOH solution and 
rinsed with deionized water until neutral pH, thus ensuring that the unit was cleaned and free from 
contaminants.   
After processing the real oxidized lignin solution, several cleaning cycles were performed. Herein, 
cleaning cycles are distinguished as physical and chemical cleaning. Physical cleaning will remove 
the reversible component of fouling (concerning the effects of polarized concentration and solutes 
deposited on the membrane surface) and thus, it will allow to determine the irreversible fouling 
component due to pore blocking and adsorbed material. Chemical cleaning is performed to remove 
the irreversible foulants and evaluate the membrane cleaning efficiency by comparing the final 
water permeability with the initial one obtained for a non-fouled membrane. The water 
permeability recovery for each membrane (expressed in %) is calculated by the following 
expression: 
Recovery(%)=
𝐿𝑝,𝑎𝑓𝑡𝑒𝑟
𝐿𝑝,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
100 Equation 5.9 
where Lp,after (L m
-2
 h
-1
 bar
-1
) corresponds to the water permeability of the membrane after operating 
with the real mixture and performing the cleaning cycles and Lp,initial (L m
-2
 h
-1
 bar
-1
)  corresponds to 
the initial water permeability of the membrane. 
Cleaning sequence initiated with physical cleaning by rinsing the system with about 3 L of                
0.001 mol L
-1
 NaOH solution and recycling with 3 L of new solution for about 30 minutes with no 
TMP applied at 25ºC. Afterwards, the system was rinsed again with 3 L of fresh solution and the 
permeate flux for different TMP measured. The water permeability obtained in this phase will be 
affected by the contribution of the resistance offered by the membrane and irreversible fouling. In 
this stage, a weak solution of NaOH was employed instead of water to avoid lignin precipitation. It 
is important to refer that some irreversible fouling can be removed in this stage because of the 
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weak alkaline solution and TMP employed during the assessment of the water permeability of the 
membrane and thus, the reversible fouling resistance will be somewhat overestimated. 
The washing sequence continued with cycles of chemical cleaning using 0.1 mol L
-1
 NaOH 
solution heated up to 50 ºC and applying a TMP of 1 bar for 60 minutes. At least three cleaning 
cycles were performed for each membrane stage, ensuring that the maximum recovery was 
reached. In between each two cleaning cycles, water permeate flux was measured for different 
TMP. After performing the necessary chemical cleaning cycles, the system was rinsed with 
deionized water at TMP of 1 bar until achieving neutral pH value in the permeate stream.  Then, 
water permeate flux was monitored once more. The membrane cleaning effectiveness is determined 
by comparison with the initial water permeability of the membrane (Equation 5.9). A typical 
cleaning temperature history is shown in Figure 5.4.  
 
   
Figure 5.4 Example of evolution of temperature with time during one cleaning cycle. 
 
It is important to note that for operation with the 50 kDa membrane, a cleaning cycle was 
performed after 22h of processing (1.3 VCF) and then the filtration process continued until 
reaching a VCF of 3. 
During membrane operation with the real mixture, permeate flux declines due to concentration 
polarization and fouling. By applying the resistance-in-series model it is possible to quantify the 
contribution of the irreversible and reversible fouling during operation with real mixtures assuming 
that each component of the membrane fouling acts independently from any other (4):    
 revfirrevfmsTs
p
RRR
TMP
R
TMP
J
,, 


 Equation 5.10 
where s (Pa s) is the viscosity of the solution used in each membrane stage at 25 ºC, RT (m
-1
) is the 
total membrane resistance during membrane processing accounting for the contribution of Rm 
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(determined by Equation 5.6). Experimentally, the final value of permeate flux obtained during 
each membrane processing stage and the viscosity of the permeate solution were used to estimate 
RT. Rf,irrev was estimated immediately after physical cleaning, as explained before, considering the 
viscosity of water at 25ºC. Rf,rev is obtained subtracting from RT the contributions of Rm and Rf,irrev. 
 
 
5.3. Results and discussion 
 
 
5.3.1. Measurement of water permeability through the membrane  
 
The hydraulic permeability is an intrinsic property of a non-fouled membrane very useful for 
assessing the membrane cleaning efficiency and determining the membrane resistance. Taking this 
into consideration, the water permeate fluxes through the membranes were measured for different 
TMP. The tubular ceramic membranes selected to perform the membrane fractionation sequence of 
the oxidized IKL were of 50, 5 and 1 kDa MWCO.  
The permeate flux for each transmembrane pressure was calculated from Equation 5.5 and is 
represented in Figure 5.5. The respective permeabilities and membrane resistances are indicated in 
Table 5.1. As expected, it is possible to observe that the permeate fluxes increased linearly with the 
increase of TMP (with correlation coefficients higher than 0.9961). Moreover, the greater the 
MWCO, the lower is the membrane resistance and the higher is the water permeability.  
Žabková et al. (2, 30) studied similar ceramic membranes and the membrane resistance of 5 and  
50 kDa are very similar to the ones obtained in this work, being 12.22x10
12
 m
-1
 and 3.74x10
12
 m
-1
, 
respectively. However, a different value was found for the 1 kDa membrane for which the authors 
obtained a membrane resistance of 28.06x10
12
 m
-1
, approximately twice the value obtained in this 
work. Cheryan (4) stated that some differences can be found among different batches of 
membranes. Additionally, the authors also make reference to the fact that measurement techniques 
and set-up also can influence the water permeate flux.       
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Figure 5.5 Water permeate fluxes through the membranes of 50, 5 and 1 kDa for different 
TMP at 25 ºC. Feed flowrate was set to 240 L h
-1
 and the surface area of each membrane is 
0.008 m
2
. 
 
 
Table 5.1 Water permeability and membrane resistance obtained for the ultrafiltration 
ceramic membranes of 50, 5 and 1 kDa MW cut-off, at 25 ºC and feed flowrate set to 240 L h
-1
  
Membrane LP (L m
-2
 h
-1
 bar
-1
) Rm (10
12
 m
-1
) 
1 kDa 30.3 13.3 
5 kDa 49.1 8.2 
50 kDa 120 3.4 
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5.3.2. Fractionation of industrial kraft liquor (IKL) by ultrafiltration 
 
 
5.3.2.1. Permeate Fluxes 
 
Oxidized IKL was submitted to a fractionation sequence in concentration mode with 3 different 
MWCO membranes (50, 5 and 1 kDa), as shown in Figure 5.3. The sequence is divided in 3 stages. 
In the first stage the oxidized IKL is processed with the highest MWCO membrane of 50 kDa. 
After 22 h processing with this membrane, one cleaning cycle with 0.1 NaOH and rinsing with 
water was performed (corresponding to a VCF of 1.3) and then the filtration process continued 
until reaching a VCF of 3. The resulting permeate stream (P50kDa) proceeded with the second 
stage of the fractionation sequence employing the 5 kDa membrane. This stage was performed until 
a VCF of 3.4 was reached. Finally, a third stage encompassing the treatment of the latter permeate 
stream (P5kDa) with the 1 kDa membrane was performed. All experiments were carried out at 25 ± 
3 ºC and retentate flowrate and TMP fixed to 120 L h
-1
 and 1.4 bar, respectively.   
Figure 5.6 and Figure 5.7 show the permeate flux behavior with time observed during the 
fractionation sequence. In all membrane stages, flux decreased during operating time and it was 
more accentuated for the 1 kDa membrane, followed by the 50 and 5 kDa membranes. Both the 5 
and the 1 kDa membranes showed a similar initial sharp decrease of flux during the first 5 hours of 
operation (Figure 5.8, from 26-28 to 13-16 L m
-2
 h
-1
, VCF of 1.1), but then the flux continued 
decreasing steeply for the membrane of lower cut-off, up to 10 h processing (VCF 1.3), reaching a 
final permeate flux of 5.5 L m
-2
 h
-1
. An attempt to explain this observed trend will be discussed 
below when analyzing the contribution of the different resistances to flux decline. For a similar 
time of operation, a final VCF of 3.4 and 3.0 was achieved for the 5 and the 1 kDa membranes, 
respectively, and the final permeate flux for the 5 kDa was almost double of the flux obtained for 
the 1 kDa membrane.  
As for the 50 kDa membrane, in Figure 5.6 it is observed a sharp decrease of the initial permeate 
flux during the first 2.5 hours of operation from 32 to 23 L m
-2
 h
-1
 (corresponding to a VCF of 
1.034) and then slowly decreased to 18 L m
-2
 h
-1
 during 22 hours of operation (VCF of 1.3). After 
that time, one cleaning stage with 0.1 mol L
-1
 NaOH was performed in an attempt to continue 
processing with higher fluxes. Although 92% of the initial water flux was readily recovered, when 
resuming the membrane processing, flux rapidly decreased from 22 to 17 L m
-2
 h
-1
 in one hour and 
reached a final flux of 9.7 L m
-2
 h
-1
 after a total time of operation of 72.6 h. Since no advantages 
were observed by including a cleaning stage, this procedure was not repeated for the other stages. 
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Figure 5.6 Permeate flux behaviour with operating time during processing of an oxidized 
IKL solution in concentration mode with the 50 kDa MWCO membrane. Feed solution 
containing 86.5 g L
-1
 of TS and 2.399 g L
-1
 of TP. Transmembrane pressure of 1.4 bar, 
flowrate 120 L h
-1 
at 25 ± 3 ºC and pH 10.1. VCF of 3. The dashed lines correspond to the 
time when operation was stopped/resumed.  
 
 
  
Figure 5.7 Permeate flux behaviour with operating time obtained for processing with 5 kDa (A) 
and 1 kDa (B) MWCO membranes in concentration mode. Feed solution of 5 kDa processing 
is composed with 75.3 g L
-1
 of TS and 2.379 g L
-1
 of TP.  Feed solution of 1 kDa processing is 
composed with 64.0 g L
-1
 of TS and 2.219 g L
-1
 of TP.  Transmembrane pressure of 1.4 bar, 
flowrate 120 L h
-1 
at 25 ± 3 ºC and pH 10.1. VCF of 3.4 (5 kDa) and 3 (1 kDa). The dashed 
lines correspond to the time when operation was stopped/resumed.  
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Figure 5.8 Permeate flux as a function of the VCF applied to each membrane. 
 
Flux reduction with time is attributed to several phenomena such as the decrease in the driving 
force due to osmotic pressure increase, resistance of the concentration polarization boundary layer, 
resistance due to formation of a gel layer and resistance by fouling of the membrane caused by pore 
clogging and adsorption (4). Fouling formation depends of the solute-membrane and solute-solute 
interactions and solute characteristics and will be discussed in 5.3.2.3. 
Several studies employed with black liquor have demonstrated that the polarized layer deposition 
phenomenon play an important role in limiting flux during operation (31). Žabková et al. (2) 
applied model lignin/vanillin solutions (60/2-6 g L
-1
) onto 1, 5 and 15 kDa MWCO tubular ceramic 
membranes and identified that resistance by polarization was the main factor contributing for the 
flux decline observed with the 1 kDa membrane, while for the other higher cut-off membranes the 
decline on flux was explained by the additional formation of a gel layer.  
In the particular case of this work, the permeate chamber is initially filled with air and thus the 
effect of the osmotic pressure is not expected in the beginning of the process. The net driving force 
of the flux reduction at the startup of the processing will be mainly pressure in all the three stages 
performed. During each membrane process, it is expected that the solutes are brought to the 
membrane surface by convective transport and while solvent and small particles are permeated 
through the membrane, larger solutes will be held by the membrane; hence, solutes will accumulate 
on the membrane surface increasing the concentration near the membrane surface. The 
concentration boundary layer is established and, eventually, a gel layer can be formed which results 
in an additional resistance to permeation, due to the increase of resistance to solvent and increase in 
the local osmotic pressure and, consequently, flux will continue decreasing. Studies have referred 
0
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that gel formation is very relevant in ultrafiltration processes (2, 4). Usually, the boundary layer is 
established very quickly in the beginning of operation and, afterwards, a gel layer is gradually 
formed in between this boundary layer and the membrane (26).  
Throughout the process, bulk concentration will increase with time since operation took place in 
concentration mode. Therefore, the solution properties change with time affecting the 
hydrodynamic conditions and, hence, osmotic pressure and concentration at membrane surface will 
change accordingly, originating a long term flux decline due to concentration polarization. This 
phenomenon was more relevant for the membrane with the highest MWCO (50 kDa) where bulk 
concentration was higher. In this stage, the permeate flux continuously decreased as consequence 
of the polarized layer resistance still being established due to bulk concentration increase and, thus, 
constituting the main contributor for flux decline. This was also observed for the second stage with 
the 5 kDa membrane, although not as relevant as in the first stage.  
In the last stage with the 1 kDa membrane, permeate flux did not change significantly with time 
after 20 hour processing, indicative that the formation of a gel layer might be established, where 
solute concentration reached its maximum. In this case, the convective transport through the 
membrane is almost counterbalanced with back diffusion of solute into the bulk solution and, thus, 
flux decline is not very pronounced.. Since operation took place in concentration mode, one may 
say that the increase in the bulk concentration with operating time had no noticeable effect on flux 
and that diffusion and convective phenomena remain counterbalanced.  
Table 5.2 summarizes membrane productivities for some VCF achieved, as well as the respective 
permeate fluxes observed. Besides the influence of the MWCO of the membranes used, the 
decrease of TS content during the fractionation sequence study will also influence flux decline. On 
one hand, the flux decrease extent during processing, 
 
 htP
finalPhtP
J
JJ
1.0,
,1.0,

 
, becomes more 
significant for the membrane with the lowest MWCO. On the other hand, comparing the initial flux 
observed during processing with the respective water fluxes obtained for an non-fouled membrane, 
 
w
htPw
J
JJ 1.0, 
, the extent of flux decrease was higher for 50 kDa (61% decrease) and 5 kDa (59% 
decrease) and lower for 1 kDa (11% decrease). 
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Table 5.2 Summary of the membrane productivities and permeate fluxes achieved during 
ultrafiltration in concentration mode and flux reductions observed 
VCF 
Stage 1 
50 kDa 
Stage 2 
5 kDa 
Stage 3 
1 kDa 
 t (h) JP L m
-2
 h
-1
 t (h) JP L m
-2
 h
-1
 t (h) JP L m
-2
 h
-1
 
1.0 0.08 31.91 0.08 25.71 0.10 28.60 
1.5 31.6 17.14 22.2 14.28 19.9 6.03 
2.0 50.3 12.35 33.8 13.64 35.7 5.96 
2.5 63.4 10.56 41.0 10.71 45.2 5.90 
3.0 72.6 9.74 47.0 10.50 51.9 5.54 
3.4 - - 50.0 9.85 - - 
Initial feed volume  
(L) 
15 7 4.5 
Overall average flux  
(L m
-2
 h
-1
) 
17.86 14.46 10.64 
Average flux in the last 
hours of operation  
(L m
-2
 h
-1
) 
11.57 11.17 5.82 
Water flux (Jw) at 1.4 bar 
and 25 ºC (L m
-2
 h
-1
) 
182 69 42 
Flux reduction 
 
w
htPw
J
JJ 1.0, 
(%) 
61 59 11 
Operating flux reduction  
 
 htP
finalPhtP
J
JJ
1.0,
,1.0,

 
(%) 
69 62 81 
 
Žabková et al (2) investigated the performance of tubular ceramic membranes with 1, 5 and 15 kDa  
MWCO to process different synthetic mixtures of lignin and vanillin. The effect of lignin and 
vanillin concentrations (5-60 and 0.5-6 g L
-1
, respectively) and pH values (8.5 and 12.5) on 
membrane productivity and rejection of lignin and vanillin by each membrane were studied. The 
increase of pH value led to a slight decrease of permeate flux, in particular for higher lignin 
concentrations. Regarding the experiments performed with 60 g L
-1
 of lignin, permeate fluxes 
obtained with the 1 kDa (5-2.8 L m
-2
 h
-1
) and the 5 kDa (11-13 L m
-2
 h
-1
) cut-off membranes were 
considerably lower than the fluxes obtained in this work. This can be explained by the fact that 
Žabková et al (2) employed directly to the membranes, synthetic mixtures of lignin with higher 
MW (60 000 g mol
-1
) which might have contributed to more fouling formation.  
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5.3.2.2. Total solids (TS), ashes, total phenolate compounds (TP), and molecular 
weight distribution (MW) 
 
A fractionation sequence of the oxidized IKL solution prepared encompassing 3 stages was 
performed in concentration mode starting from the membrane with the highest MWCO to the 
lowest: 50, 5 and 1 kDa cut-offs (depicted in Figure 5.3). In each stage, the solution was fed in 
cross-flow mode under constant pressure (1.4 bar), temperature (25 ºC) and flowrate (120 L h
-1
), 
over the surface of the desired membrane. The pressure gradient over the membrane forces the 
solvent and the desired smaller molecules (low molecular weight phenolic compounds) to go 
through the pores of the membrane, while the larger molecules (e.g. depolymerized lignin) are 
retained by the membrane and return to the feed vessel. Accordingly, the fraction going through the 
membrane (permeate stream) will be depleted in depolymerized lignin and richer in the desired 
compounds while the retentate stream will be enriched in the macromolecules that do not cross the 
membrane. 
Regarding GPC analyses, a preliminary study was conducted with several standard solutions of 
typical phenolic compounds present in oxidized IKL (vanillin (V), syringadehyde (S), 
acetovanillone (OV), acetosyringone (OS), vanillic acid (VA), syringic acid (SA) and                    
p-hydroxybenzaldehyde (p-OHB)) in order to confirm if the retention time was affected by 
different interactions with the stationary phase besides exclusion by size (e.g. ion-exclusion, ion-
inclusion, ion-exchange or adsorption of the solute) or interactions between the monomers 
themselves (32). This has been identified as a plausible situation that can occur in GPC analyses for 
certain compounds because linear chain standards are usually used in calibration and cannot predict 
other secondary separation effects originated as, for example, from interactions with the functional 
groups present in the phenolic compounds (32). 
For this purpose, a feed solution enriched in each standard was prepared in DMF and analyzed by 
GPC. The MW distributions along elution time are shown in Figure 5.9 normalized with the area 
under the curve. The elution times obtained were different than the ones expected for each 
compound (from data obtained by the analysis of several polystyrene standards), allowing to 
conclude that the retention time is affected with the type of phenolic compound present. 
Early retention times than the ones expected were observed for all the standard phenolic 
compounds analyzed, which means that, probably, interaction between molecules occur or ion 
exclusion effect is the most pronounced interaction effect with the stationary phase and, thus, the 
phenolic monomers are excluded at higher rate. 
Moreover, it was expected that p-OHB would be the last compound to be eluted but, on the 
contrary, it was the compound eluted at the highest rate, meaning that either molecules of p-OHB 
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interact more among themselves, or that ion exchange phenomena effect, happening 
simultaneously, is less pronounced than for the other compounds studied. 
 
 
Figure 5.9 Overlaid normalized UV chromatograms obtained for standard solutions of V, S, 
OV, OS, VA, SA and p-OHB. 
 
Taking all into consideration, GPC analyses conducted in this work will just give an indication of the 
molecular weight changes obtained in each fractionation stage. GPC analysis of feed and permeate and 
retentate streams were performed for each fractionation stage and provided the molecular weight (MW) 
distribution along elution time for each processing stream. The MW distributions are compared in 
Figure 5.10 where it is shown the peak signal normalized with the area under the curve as a function of 
the elution time obtained for each stream. The greater the elution time, the lower the MW of the 
compounds is. In Appendix C (Figure C.1) it is presented the overlaid normalized chromatograms for 
feed and permeates streams. 
For all stages, it is possible to observe, by comparison with the feed streams of each stage (Feed, 
P50kDa and P5kDa), that permeates got depleted in the higher MW compounds while retentates got 
richer (corresponding to retention times between 12-20/22 min).  
Regarding the GPC chromatograms obtained for the streams of the first fractionation sequence 
performed with the 50 kDa membrane, it is very clear that the group of compounds with the retention 
times between 22 and 25 min (i.e. near the elution times of V, S, OV and OS) went to the permeate 
stream and its concentration decreased in the final retentate stream obtained. With the decrease of the 
cut-off of the subsequent stages, this difference became smaller meaning that this family of compounds 
was somewhat retained with further membrane processing. This is consistent with the apparent rejection 
coefficient estimated for the low molecular weight phenolates and will be discussed later. 
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Figure 5.10 Normalized chromatograms obtained by GPC for the different streams obtained 
during the membrane fractionation sequence. Normalization with area under the curve.  
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In the perspective of V and S recovery, the main goal with this fractionation study is to concentrate 
the low molecular weight phenolate compounds in the permeate stream, in detriment of larger 
solutes included in total solids (TS) quantification (e.g. depolymerized lignin). Higher MWCO 
membranes will not reject much of the low molecular weight compounds, but allow the passage of 
larger molecules of depolymerized lignin. On the contrary, smaller MWCO membranes will allow 
obtaining a permeate stream purer in low molecular weight phenolates but at the cost of losing V 
and S that are being retained by the membrane. Therefore, besides the importance of finding the 
best set of operating conditions to achieve the maximum membrane productivity, a good 
compromise between reaching the maximum enrichment of the phenolate compounds in the 
permeate stream with minimal losses of material  must be found, in order to find an economically 
feasible membrane separation process.  
In Figure 5.11 are portrayed the concentration histories of TS and low MW phenolate compounds 
quantified by HPLC-UV (TP) in retentate and permeate streams, observed during each membrane 
concentration stage. The concentration evolution of TS and TP will depend on the observed 
rejections. Additionally, if the apparent rejection coefficient is high enough, it is expected to have a 
noteworthy concentration increase in the retentate with operating time or VCF increase. 
Regarding TS and TP evolution with concentration time, it is possible to observe a similar trend 
between stages 1 and 2. In fact, although the starting concentration was different, similar apparent 
rejection coefficients were calculated for both concentration stages. 
In stage 1, a VCF of 3 was achieved and TS in the retentate increased 1.17 times from 86.5 to      
100.8 g L
-1
 and 1.15 times in the permeate stream (from 65.5 to 75.3 g L
-1
). The apparent rejection 
coefficient observed increased slightly during concentration, having an average value of 23 ± 5 %. 
During stage 2 with a VCF of 3.4, a similar trend was observed for TS concentration in retentate 
stream: it increased 1.20 times from 75.3 to 90.3 g L
-1
. However, the TS concentration in permeate 
stream was kept constant (65 ± 2 g L
-1
). The apparent rejection coefficients observed increased 
remarkably from 13.6 to 29.1 %. The average apparent rejection observed was also within the 
range of the one obtained for the previous stage (21 ± 6 %).  
In the last stage, performed with the membrane with the lowest MWCO, TS concentration 
increased 1.08 times (from 64.0 to 69.0 g L
-1
). The TS concentration evolution with time was not as 
noticeable as in the previous stages, firstly because the feed stream had already been submitted to 
membrane processing with the 50 and 5 kDa membranes and, secondly, the apparent rejections 
observed during concentration were lower, increasing from 5 to 15.1 % during processing (average 
value of 11 ± 4 %). 
Regarding TP, no retention was observed during the first stage and, thus, the concentration 
histories in permeate and retentate streams are basically the same (Figure 5.11). As for the second 
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and third stages, a somewhat lower TP rejection was observed, of 11.5% and 9.0%, respectively; 
thus, concentration differences in permeate and retentate streams are not as remarkable as the 
concentration histories observed for TS. Nonetheless, TP rejections gradually changed during 
concentration, reaching to average rejections towards TP of 7 ± 3 % and 11 ± 3 % for 5 and 1 kDa 
membranes, respectively.  
 
  
  
  
Figure 5.11 TS and TP concentration in permeate and retentate streams obtained in each 
membrane stage as a function of VCF.  
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Table 5.3 shows the concentrations of TS, ashes and TP obtained in each stream of the 
fractionation sequence performed with the respective final apparent rejection coefficients obtained. 
When comparing results, it is important to take into consideration the fact that feed concentration is 
different for the 3 membrane separation stages, with TS concentration decreasing along the 
fractionation process. The apparent rejection value for TS was approximately the same for the first 
two stages performed (25.3 – 29.1 %) and somewhat smaller in the last stage (15.1%).  
 
Table 5.3 Feed, retentate and permeate compositions and apparent rejection coefficients 
observed for the fractionation sequence performed in concentration mode with an oxidized 
industrial kraft liquor at 25 ºC, flowrate of 120 L h
-1
 and 1.4 bar  
Membrane  VCF µ (cP) 
TS 
(g L
-1
) 
Ashes 
(g L
-1
) 
TP 
(g L
-1
) 
Ri (%) 
TS Ashes TP 
50 kDa 
MWCO 
F 
3 
1.24 86.5 44.8 2.399 
25.3 5.0 0 
R 1.28 100.8 43.6 2.320 
5 kDa 
MWCO 
F 
3.4 
1.03 75.3 41.4 2.379 
29.1 2.6 11.5 
R 1.13 90.3 38.8 2.507 
1 kDa 
MWCO 
F 
3 
0.99 64.0 37.8 2.219 
15.1 3.8 9.0 R 1.02 69.0 39.0 2.364 
P 0.97 58.6 37.5 2.151 
F: feed stream; R: retentate stream; P: permeate stream; VCF: volume concentration factor; TS: total solids; 
TP: total phenolate compounds quantified by HPLC-UV; Ri: apparent rejection coefficient obtained in final 
retentate and permeate. 
 
Additionally, in Figure 5.12, it is shown the corresponding composition regarding ashes, TP and 
other compounds not quantified in this work (unk. compounds) as wt% of TS. Ashes and TP 
contents were slightly enriched in the permeate streams during the membrane fractionation process 
studies from 52 and 2.8 %W/WTS to a final value of 64 and 3.7 %W/WTS, respectively. The other 
unknown compounds can correspond to lignin-carbohydrate complexes and other phenolic 
compounds present in solution (33) and their composition has decreased in the permeate streams 
along the membrane fractionation procedure, from 45 %W/W, present in the  feed stream (oxIKL), 
to a final value of 32 %W/W (P1kDa). This means that, probably, the majority of the compounds 
present in the oxIKL corresponded to higher MW compounds that were retained by the membranes 
or to other compounds that were rejected by the dynamic layer generated at the membrane surface. 
 
Membrane separation of oxidized industrial kraft liquor 169 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin  
 
 
Figure 5.12 Composition (% W/WTS) regarding ashes, TP and other compounds not 
quantified, for each stream obtained in the membrane fractionation sequence performed.  
 
In Figure 5.13 it is shown the detailed composition of each stream in terms of weight of each 
phenolic compound identified per weight of the respective TS quantified, allowing to understand 
the enrichment of each phenolic monomer quantified. In general, p-OHB, V, OV, OS, VA and SA 
compositions have increased in the permeate streams between 1.1 and 1.6 times. S was the 
exception since its composition decreased from 9 to 7 mg g
-1
TS, probably due to the fact that this 
compound is highly susceptible to degradation.  
 
 
Figure 5.13 Detailed composition of the phenolate compounds quantified (V, S, OV, OS, VA, 
SA and p-OHB) expressed as mg g
-1
TS for each processing stream. 
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The first membrane applied of 50 kDa was crucial for TP concentration in the permeate stream 
(P50kDa). In this first stage, about 25.3% of TS and a small amount of ashes (5%) were retained by 
the membrane while the TP went freely to the permeate stream. This stage led to a small 
enrichment of TP in P50kDa stream: starting with a feed stream containing 28 mg g
-1
 of TP, a 
solution with 32 mg g
-1
 of TP was obtained.   
In stage 2 with the 5 kDa membrane, the TP apparent rejection was slightly higher than for stage 3 
employing the 1 kDa membrane. As for the apparent rejection coefficient towards ashes, 
approximately the same level of retention was observed (2.6 % and 3.8 % for 5 and 1 kDa 
membranes, respectively)  
Both stages showed the advantage of eliminating TS and some additional ashes; however, TP were 
also retained and, therefore, the further TP enrichment was not significant (Figure 5.13). In these 
last stages it was obtained 35 mg g
-1
 and 37 mg g
-1
 of TP for P5kDa and P1kDa streams, 
respectively.  
Žabková et al. (2) obtained no rejections towards vanillin, processing synthetic mixtures of lignin 
and vanillin with ceramic membranes of 1, 5 and 15 kDa, although, the authors observed a more 
severe flux decline than the one observed in this work, and in the particular case of 1 kDa 
membrane, a significant contribution of fouling to total resistance of the membrane was obtained. 
Most probably, these differences are related with the fact that the depolymerized lignin solution 
used in this work affects the membranes differently, having impact on the apparent rejections 
observed towards TP.  
It this work, it was clear that the first fractionation step with the membrane of 50 kDa was crucial 
for TP enrichment in the permeate stream. However, by proceeding with fractionation employing 
the 5 and 1 kDa membranes, further enrichment in TP was not very pronounced due to the 
observed losses of TP in the permeate stream. Therefore, it is very important to understand if the 
second and third stages are beneficial to the main objective of this work: obtaining purified 
fractions of vanillin and syringaldehyde. Since vanillin and syringaldehyde concentrations will 
continue with an adsorption step, the advantages of performing one, two or three membrane 
separation stage(s) must be evaluated. 
 
 
5.3.2.3. Cleaning effectiveness and fouling assessment 
 
Flux recovery is an important factor to consider when designing a membrane separation process. 
Therefore, water permeability recovery of each membrane was assessed regarding its initial water 
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permeability, obtained before treating the real oxidized lignin solutions. Physical and chemical 
cleaning of the membranes were conducted in order to understand the contribution of fouling 
formed during the processing of a real mixture. 
In this work, depolymerized lignin, low molecular weight phenolic compounds and other solutes 
will contribute to the formation of fouling and consequently, will be responsible for the flux decline 
during processing. In order to obtain an economically feasible process, membrane productivities 
must be optimized and understanding the factors contributing for the formation of fouling is 
important. Fouling resistance can be distinguished in reversible and irreversible fouling. The 
reversible fouling is easily removed with physical cleaning, applying water or other equivalent 
solvent. The gel-polarized layer is assumed to be dynamic and can be considered as a reversible 
process. The irreversible fouling is caused by internal pore blocking or adsorption and it is usually 
more difficult to remove and, thus, restoring the initial permeate flux of the membrane requires 
more severe cleaning conditions with chemical agents and TMP. 
Identifying factors affecting fouling is not easy as it depends on specific interactions between the 
membrane and the type of solutes present in the feed solution (4). The membrane-solute 
interactions will depend on properties such as charge, zeta potential, hydrophobicity, pore size, 
among others. Therefore, understanding in advance the membrane and solute properties could help 
to overcome flux limitations by choosing the best combination that avoids fouling formation. 
Moreover, knowing the effect of operating parameters such as temperature, differential pressure 
and crossflow velocity on fouling formation is also relevant.   
The charge of the membrane is important to take into consideration when processing charged 
solutes. In the particular case of this study, it is expected to have ionized compounds in the 
oxidized IKL solution at the pH value of operation (10) (34-36). These solutions contain 
depolymerized lignin and other low molecular weight compounds in their sodium salt form that are 
expected to be negatively charged at the operating pH. Dong et al. (34) study showed that the 
isoelectric point for kraft lignin is 1.0 and above this pH value, the zeta potential is negative. 
Additionally, the pKa of the main low molecular weight compounds are between 4.3 and 7.9           
(Table 2.1) and thus, it is expected that these compounds have negative charge in strong alkaline 
solutions such as the case of this work. 
The most suitable membrane will be one having negative charge, since it will favour electrostatic 
repulsing interactions between the membrane and the ionized solutes and, thus, the membrane-
solute interactions will be minimized and will not contribute for flux decline during operation. In 
this regard, several studies have reported that membranes with an active layer similar to the ones 
used in this work, of TiO2/Al2O3/ZrO2, have negative charges at high pH values (37-39) and, for 
this reason, are the most suitable membranes to treat this type of lignin solutions. 
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In Figure 5.14 it is portrayed the permeability recoveries accomplished by performing an initial 
physical cleaning and several chemical cleaning cycles. Physical cleaning allowed recovering 50%, 
41% and 86% of the initial permeability observed for 50, 5 and 1 kDa membranes, respectively. It 
is also possible to observe that practically complete permeability recovery (> 87%) was 
accomplished after two/three chemical cleaning cycles. Chemical cleaning procedure can be further 
improved by employing higher temperatures or NaOH concentrations (e.g. 0.2 M). 
 
 
Figure 5.14 Recoveries of the initial permeability for the 50, 5 and 1 kDa MWCO membranes 
after processing with real oxidized mixtures and performing cleaning cycles: 1 corresponds to 
physical cleaning performed with no TMP pressure and 0.001 mol L
-1
 solution and the 
remaining cycles (2-4) to chemical cleaning with NaOH 0.1 mol L
-1
 heated up to 50 ºC. 
 
In Žabková et al. (2), the initial flux recoveries were accomplished with one chemical cleaning 
cycle using 0.1 M NaOH solution for 6 hours, after the processing of model solutions of lignin     
(60 000 g mol
-1
) and vanillin in similar tubular ceramic membranes (15, 5 and 1 kDa of MWCO). 
Therefore, increasing the cleaning time can also be an improvement.  
It must be taken into consideration the fact that a more complex solution was used in this work, 
with lignin fragments of wide variety of sizes that could foul the membranes differently and 
increase the susceptibly of pore clogging and adsorption of the compounds on membrane surface, 
hindering the recovery of the initial permeability of the membranes. 
The permeate flux evolution with time can be analysed by applying the resistance-in-series         
model (4). In Table 5.4 it is summarized the resistances values estimated for each membrane during 
fractionation sequence of the real oxidized lignin solutions. It is important to highlight that, 
although it is reasonable to assume that membrane resistance is constant during processing, the 
other resistances are time-dependent functions, responsible for permeate flux change over time. 
The contribution of the irreversible fouling usually is formed in the beginning of the process 
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achieving a steady state after a certain time (31). On the other hand, reversible fouling can vary 
during all processing time. Therefore, the fouling resistanced estimated values correspond to the 
maximum resistances observed. 
 
Table 5.4 Maximum resistance achieved for each membrane with the fractionation sequence 
of the IKL and respective resistances of reversible and irreversible fouling 
Stage Membrane 
Jp,final 
(L m
-2
 h
-1
) 
Resistances (10
12
 m
-1
) 
RT Rf Rf_irrev Rf_rev 
1 50 kDa 9.74 50.2 46.9 2.42 44.5 
2 5 kDa 9.85 36.9 28.7 15.4 13.3 
3 1 kDa 5.54 67.0 53.7 6.68 47.0 
 
Besides the differences in the cut-off of the membranes employed and the observed flux decline in 
the beginning of processing, final RT values found for each membrane are not significantly 
different, probably because a fractionation sequence was staged, and TS in solution were 
progressively removed before being applied to the next membrane. Additionally, it must be taken 
into consideration that the RT value indicated for 50 kDa could be somewhat underestimated 
because of the chemical cleaning step performed after 22 h of processing.   
Žabková et al. (2) determined the total resistance evolution with time for processing onto tubular 
ceramic membranes of 1, 5 and 15 kDa MWCO, a synthetic mixture containing 60 g L
-1
 of lignin 
(molecular weight 60 000 g mol
-1
), 6 g L
-1
 of vanillin and pH value adjusted to 12.5. For the 1 kDa 
membrane, the authors obtained a final RT of 35 x10
12
 m
-1
 (2), almost half the RT observed in this 
work using the same membrane cut-off and an overall TS feed concentration of 64 g L
-1
. Despite 
the fact that Žabková et al. (2) employed lignin/vanillin solutions of approximately 66 g L-1, the 
performance differences observed are somewhat expected due to the fact that the solution 
employed in this work is more complex, with the presence of different solutes that can interact with 
each other or with the membrane in a different way, and offer additional resistances to flux 
permeation that model solutions do not possess. Furthermore, the wider molecular weight 
distribution range of the solution employed in this work can contribute for higher pore clogging 
propensity. It has already been mentioned above that the experimental conditions also have an 
important contribution to the formation of fouling and, therefore, it also must be taken into 
consideration the fact that flow rates, pH, TMP and VCF applied in each study are somewhat 
different and also can influence the fouling formed. 
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Concerning the 5 kDa membrane, the authors obtained RT values near 30-33x10
12
 m
-1 
(2), not very 
different from the one obtained in this work employing the same cut-off. Although it is not possible 
to establish a straightforward comparison for the same reasons explained above about differences 
in composition and processing conditions, it could be expected to have higher total resistance when 
considering that higher bulk concentration was employed in this study (75.3 g L
-1
) and that a wider 
MW distribution exists.  
The change in bulk concentration and molecular sieving of solutes during the fractionation 
sequence influence the type of fouling generated and thus, reversible and irreversible fouling 
contribution to the total resistance observed in each stage can have a different relevance and could 
not depend directly on the cut-off of the membrane. Taking this into consideration, a resistance-in-
series model was applied to determine the contribution of reversible and irreversible fouling to the 
total resistance observed in each stage. The respective resistance values obtained are summarized in 
Table 5.4. 
After performing a physical cleaning cycle, the membranes initial permeability recovery was not 
the same, probably due to the different contribution of the irreversible fouling affecting flux, 
besides the intrinsic resistance of each membrane. The 1 kDa membrane stage processing exhibits 
irreversible fouling resistance contribution (6.68x10
12
 m
-1
) smaller than the resistance offered by 
the membrane (13.32x10
12
 m
-1
) and is in accordance with the highest permeability restoration 
achieved during physical cleaning (83%). The 50 kDa exhibited an irreversible fouling contribution 
(2.42x10
12
 m
-1
) almost equal to its intrinsic membrane resistance (3.35x10
12
 m
-1
) and thus, 
permeability recovery (58%) was smaller than the one achieved with the 1 kDa membrane. As for 
the 5 kDa membrane, irreversible fouling estimated (15.4x10
12
 m
-1
) was the highest irreversible 
resistance estimated, affecting flux during the real solution processing and, consequently, flux 
recoveries accomplished with physical cleaning exhibit the lowest value (34%).  
In general, the 50 kDa membrane was the one more affected by fouling (Rf/RT of 93%), and the 5 
and 1 kDa membranes were slightly less affected (78% and 80%, respectively). According to 
Aventosa-deLara et al. (40), since all Rf/RT ratios are higher than 50%, the contribution of fouling 
resistance predominates over the intrinsic membrane resistance, being more noteworthy for the 
highest cut-off membrane studied. 
Regarding the importance of the generation of reversible fouling for this fractionation sequence, the 
resistance caused by this component was more significant for the 50 kDa membrane (Rf,rev/RT of  
89%), followed by the 1 kDa membrane (70%), and the 5 kDa membrane was the one having the 
lowest contribution (36%). This is indicative that the concentration polarization and formation of a 
cake layer on the 50 kDa membrane surface are the major phenomena responsible for the flux 
decline during operation with the 50 kDa. This partially explains the fact that flux decline never 
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achieved the stationary stage for this membrane and was changing with the increase of VCF. Rojas 
et al. (41) also observed an accentuated flux decline when processing directly an industrial black 
liquor with a 50 kDa ceramic membrane, never reaching the stationary stage. The authors refer to 
the formation of a cake layer and pore blocking as possible causes for the sharp decrease of flux 
observed.  
Overall, since recoveries of permeate flux were almost completely accomplished for all 
membranes, the fouling generated during operation is easily removed allowing the re-utilization of 
the membranes. Nevertheless, further processing stages must be carried out to evaluate the 
membranes performance regarding productivities and rejection coefficients towards vanillin and 
syringaldehyde in successive experiments. 
 
 
5.4. Conclusions 
 
The fractionation of an oxidized IKL by 3 stages of ultrafiltration was investigated. For this 
purpose tubular ceramic membranes with 50, 5 and 1 kDa MWCO were employed in series and the 
composition of feed and retentates and permeates streams was determined regarding TS, ashes and 
TP. Overall, with the fractionation sequence, it was observed that TS content decreased from 86.5 g 
L
-1
 to 58.6 g L
-1
 while TP concentration decreased slightly less, from 2.399 g L
-1
 to 2.151 g L
-1
. 
Apparent rejection coefficient values for TS of 25.3, 29.1 and 15.1 % were obtained for 50, 5 and  
1 kDa MWCO membranes respectively. The 50 kDa membrane did not retain any TP, while for the 
other two membranes an apparent rejection coefficient of 9-12 % was obtained for both.    
Optimizing the membrane process is important in order to establish the best investment in terms of 
membrane area, to facilitate membrane cleaning and hence to prolong its longevity. The efficiency 
of a membrane process is usually hindered by concentration polarization and membrane fouling. 
The solid buildup in the membrane boundary layer during the first minutes of operation is usually 
attributed to concentration polarization and is the main reason for the flux deviation from the 
solvent flux. After that, other mechanisms for fouling can take place due to solute-membrane and 
solute-solute interactions and pore clogging.  
Therefore, analysis of membrane intrinsic and fouling resistances was performed and allowed 
understanding the importance of each component for the membranes performance during operation. 
The lowest cut-off membrane used (1 kDa) was the most affected one by fouling, being the 
reversible fouling the component most significant for the overall resistance. Consequently, flux 
decline for this membrane was the most pronounced of all. On the contrary, irreversible fouling 
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component was more important in the 5 kDa membrane operation. For the 50 kDa membrane, 
reversible fouling was the main reason contributing for the total resistance (93% of RT) and the 
polarized layer growth was still being affected by the increase of concentration in the bulk solution, 
due to the operation in concentration mode. 
The initial water permeate fluxes were easily accomplished within 2 to 3 cycles of chemical 
cleaning with NaOH 0.1 mol L
-1
 solutions allowing its further reutilization. 
In this study, the advantage of treating oxidized IKL with the membrane of 50 kDa is very clear, 
since a permeate stream is collected having less TS and about the same TP concentration as the 
corresponding feed. However, the benefits of pursuing with the other membrane stages must be 
evaluated in the adsorption step, since simultaneously with the TS amount decrease in the permeate 
stream, the TP concentration was also reduced. 
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6. Purification of syringaldehyde and vanillin by 
chromatographic processes
1
 
 
This chapter addresses the purification of an oxidized industrial kraft liquor (IKL) by 
chromatographic processes after being submitted to a membrane fractionation process. 
The potential of adsorption onto polymeric resin SP700 has been shown in previous chapters with 
model phenolic compound solutions and herein a real oxidized industrial kraft liquor stream is 
loaded onto this resin after being treated by a membrane separation process encompassing 3 
different cut-off membranes (50, 5 and 1 kDa). The final permeates P5kDa and P1kDa obtained 
from the second and third stages, respectively, of the fractionation sequence are loaded onto a bed 
packed with SP700 resin in order to evaluate if the third membrane stage with the 1 kDa membrane 
is important for the performance of the chromatographic process with the polymeric resin. The 
phenolic compounds of interest are readily eluted with an ethanol:water (90:10, % V/V) solution. 
Each stream is characterized regarding the total non-volatile solids, ashes and total phenolic 
compounds of interest quantified by HPLC-UV. 
Afterwards, the potential of using supercritical fluid chromatography (SFC) technology to perform 
a final separation of syringaldehyde and vanillin is assessed. SFC preliminary studies with 
synthetic mixtures prepared with the typical phenolic compounds present in the real oxidized 
mixture are performed in a silica column at 150 bar and the effects of the incorporation of methanol 
(1-10 % V/V) or methanol containing formic acid (0.2% V/V) to the CO2 mobile phase, of 
temperature (40 and 50 ºC) and of flowrate (4 and 5 mL min
-1
), are studied to understand their 
influence in the chromatographic separation of the phenolic compounds regarding peak shape and 
selectivity. Methanol gradient methods at 3 and 5 ml min
-1
 are established with synthetic mixture at 
150 bar and 40 ºC for the same silica column. Afterwards, the final eluates obtained after the 
adsorption/desorption studies are separated in the optimal gradient conditions found for each feed 
flowrate studied, thus, demonstrating the potential of applying SFC to purify phenolic compounds 
from oxidized IKL previously treated by membrane and adsorption processes. 
 
                                                     
1 The following papers are in preparation: 
Mota, I. F., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E. Vanillin and syringaldehyde recovery from an oxidized 
industrial kraft liquor stream by adsorption onto a polymeric resin (draft in preparation). 
Mota, I. F., Pinto, P. C. R., Loureiro, J. M., Rodrigues, A. E. Purification studies of typical phenolic compounds found in 
industrial kraft liquor streams by supercritical fluid chromatography (draft in preparation). 
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6.1. Introduction 
 
Chromatography is a versatile separation technology suitable for the final stage of purification of 
added value compounds. It is becoming widely used in food industry (1-3) and for purification of 
compounds with pharmaceutical applications (4-6) and can be a good alternative to the traditional 
techniques such as distillation, extraction or crystallization. 
Adsorption constitutes an interesting approach for the recovery of the phenolic compounds from 
the oxidized industrial kraft liquor (ILK) once it is easily integrated with the membrane separation 
process and it allows the separation of the phenolic compounds of interest from dilute solutions. In 
the particular case of E. globulus kraft liquors, typical solutions obtained after alkaline oxidation 
contain about 1.2 %W/WTS of vanillin and syryngaldehyde (7). Moreover, this technology is very 
simple to design and scale up and combined with an adsorbent with high capacity and easy to 
regenerate it becomes an economically viable process (8). 
The application of polymeric resins to recover phenolic compounds from different media has 
gained considerable relevance in the last years (9). Its use in industrial scale processes is very 
promising since these resins have high adsorption capacity, the phenolic compounds are easily 
recovered, the cost is low and regeneration is easy to accomplish (9-11). These resins are food-
grade, which makes them good candidates for application in the food and pharmaceutical sectors; 
moreover, they are chemically stable and inert, allowing to be easily applied in diversified 
operating conditions. Precipitation problems can be avoided, since the pH value is maintained 
constant during the adsorption process (10). Moreover, these resins possess both hydrophobic and 
hydrophilic groups which make them advantageous for the adsorption of phenolic compounds (10). 
Several studies with real complex solutions have been conducted, and demonstrated that these 
resins have high adsorption capacity for various phenolic compounds and  they can be readily 
recovered using organic solutions such as acetone, ethanol or methanol (11-18). Regarding the 
phenolic compounds of interest in this work, most of the existing studies in polymeric resins are 
related with synthetic solutions of vanillin (15, 16, 19-21) and there are only few studies performed 
with a real mixture of oxidized lignin (22, 23). These studies also showed that the phenolic 
compounds of interest can be recovered with elution with organic solvents. 
It has been shown in the previous Chapters 3 and 4 that the polymeric adsorbents Sepabeads SP700 
and Amberlite XAD16N have high capacity of adsorption for vanillin and syringaldehyde, and that 
the compounds can be readily recovered with few bed volumes of an ethanolic solution leading 
simultaneously to the concentration of the sample. However, the main disadvantage of employing 
polymeric adsorbents and the main challenge to overcome is the lack of selectivity for the desired 
phenolic compounds since several other phenolic compounds are adsorbed as well and, 
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consequently, further purification processes are required to obtain a commercially high purity end 
product.  
The final purification step is the most challenging step encountered when developing new 
processes or new commercial products for which high degrees of purity must be achieved. In the 
past, considering supercritical fluid chromatography (SFC) as a tool to achieve the desired final 
purities was not feasible, due to serious technical limitations encountered and lack of available 
know-how to overcome those limitations (24). 
Nowadays, these limitations have been solved and SFC is becoming the election method for the 
final purification step with many advantages towards the classic preparative chromatographic 
methods, offering the possibility of obtaining highly purified products at kilogram scale (25) 
resorting to smaller amounts of solvents that will be necessary to evaporate and consequently, 
saving labor, time and energy costs (24, 26). 
SFC is a separation technique that takes advantage of the physical and chemical properties of using 
supercritical fluids as the mobile phase, once they exhibit densities and dissolving capacities 
similar to certain liquids and, simultaneously, high diffusivity and low viscosity. Supercritical CO2 
(scCO2, with supercritical conditions achieved for temperature and pressure above 31 ºC and 73.8 
bar (27)) is the most common supercritical fluid used because it is inexpensive, non-toxic, non- 
flammable, and has lower critical parameters than most of the other fluids. Additionally, using CO2 
in preparative chromatography is very advantageous since CO2 goes to gaseous state after 
depressurization and thus, highly concentrated fractions can be obtained without any additional 
energy to remove the solvent. This CO2 can be captured and reintegrated in the chromatographic 
process. 
However, scCO2 has a limited solvating power with respect to polar compounds and, the use of 
polar organic solvents such as ethanol, methanol or 2-propanol as modifiers often helps to improve 
the elution of polar compounds more effectively since it helps improving the solute solubility in the 
mobile phase and induces changes in the chromatographic selectivity (28, 29). The addition of 
organic acids to the polar organic solvents as additives can also help to improve peak shape and/or 
solute solubility, thus influence separation efficiency and selectivity (30-33). These binary or 
ternary mobile phases have been intensively applied for the separation of numerous types of polar 
substances (30, 31, 34, 35).  
SFC can be a powerful tool for the final stage of purification of vanillin and syringaldehyde from 
oxidized IKL. It has been extensively applied to separate several phenolic compounds from model 
solutions (6, 31) and from more complex natural media (32, 36, 37). However, there are not many 
studies employing SFC encompassing the phenolic monomers of interest in this study. It has been 
published very recently a SFC study covering the analysis of 11 lignin-derived phenolic 
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compounds including vanillin (V), syringaldehyde (S), acetovanillone (OV), acetosyringone (OS), 
vanillic acid (VA), syringic acid (SA) and p-hydroxybenzaldehyde (p-OHB) (38). The authors 
optimized an ultra-high performance SFC by choosing the most appropriate column (an high 
strength silica column – Acquity UPC2 HSS C18 SB, from Waters) and the best set of operating 
conditions among flowrate (0.5-2 mL min
-1
), pressure (110-150 bar), temperature (40-60 ºC) and 
presence of different additives (citric, formic, trifluoroacetic acids) using methanol as the co-
solvent incorporated to the CO2 mobilie phase. The optimized chromatographic conditions were 
found to be at 60 ºC, 135 bar, 1.25 mL min
-1
, incorporation of methanol with approximately 0.23% 
V/V citric acid (MeOH_ca) to the CO2 mobile phase and detection wavelength at 280 nm. The 
following eluent gradient was employed: 1.5% V/V of MeOH_ca 0-2 min; 1.5-9 % V/V 2-5 min; 
9% V/V 5-6 min; 9-1.5 % V/V 6-7 min. Finally, the authors have obtained a SFC method with high 
separation power and short analysis time. Moreover, the authors successfully applied this optimized 
method to a real solution containing these phenolic compounds after alkaline CuO oxidation of 
humic acid and extraction with ethyl acetate (38). 
In this work an oxidized IKL previously processed by a membrane fractionation sequence with 
three different cut-off tubular ceramic membranes (50, 5 and 1 kDa) was subjected to an adsorption 
process employing non-polar SP700 resin. Prior to adsorption, the pH values of the permeates 
obtained from the second and third stages of the membrane process (P5kDa and P1kDa, 
respectively) were corrected with H2SO4 solution until a pH value of approximately 8. A complete 
breakthrough was performed with the P1kDa stream to evaluate the maximum adsorption capacity 
of each total low molecular weight phenolics quantified (V, S, OV, OS. VA, SA and p-OHB) by 
this resin and cycles of adsorption/desorption were performed with both P5kDa and P1kDa streams 
to investigate the regeneration of the resins and their reutilization. The monomers adsorbed were 
recovered by eluting with ethanol:water (90:10, % V/V) solution. Each feed stream and respective 
eluates were characterized regarding total non-volatile solids content, ashes and total low molecular 
weight phenolics quantified by HPLC-UV (TP). Composition and molecular weights distribution 
determined by gel permeation chromatography of each eluate are compared. 
Moreover, in this work the potential of SFC to separate the typical phenolic monomers found in a 
real oxidized IKL mixture was also evaluated. In this way, studies were made with standard 
solutions of V, S, OV, OS, VA, SA and p-OHB to evaluate the effects of the flowrate, temperature 
and incorporation of methanol and formic acid to the CO2 mobile phase in the retention behavior 
and separation of the target compounds. A SFC chromatographic method to separate the main 
phenolic compounds found in the eluates obtained (V, S, OV and OS) was established for a silica 
column.  
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6.2. Experimental description 
 
 
6.2.1. Chemicals and analytical methods 
 
Prior to adsorption, each feed stream was neutralized with H2SO4 solution (1:1, Panreac, purity 
96%) until achieving a pH value of 7.6-8.2. 
Feed and respective eluates were characterized regarding total non-volatile solids (TS, g L
-1
) and  
ash content (ashes, g L
-1
) by gravimetric method at 105 ºC and 650 ºC, respectively; total low 
molecular weight phenolic compounds concentration (TP, g L
-1
) quantified by high performance 
liquid chromatography with ultraviolet detection (HPLC-UV) without performing the solid-phase 
extraction; gel permeation chromatography (GPC)  analysis was also conducted. Procedures and 
experimental set-ups are described in Chapter 5. For HPLC-UV quantification, eluents were 
prepared with ultrapure water, methanol (Fluka, HPLC grade) and formic acid (Chem-Lab). For 
GPC analysis, N, N-dimethylformamid (Fluka, HPLC grade) and Lithium Chloride (Normapur®,  
purity ≥ 99%) were employed. 
Ethanolic solution used in desorption studies is composed with 10% V/V deionized water and           
90% V/V ethanol (Fluka, HPLC grade). 
Standard solutions of vanillin (V, Sigma-Aldrich, purity ≥ 98%), syringaldehyde (S, Sigma-
Aldrich, purity ≥ 98%), vanillic acid (VA, Sigma-Aldrich, purity ≥ 97%), syringic acid (SA,  
Sigma-Aldrich, purity ≥ 95%)), acetovanillone (OV, Sigma-Aldrich, purity ≥ 98%), acetosyringone 
(OS, Sigma-Aldrich, purity ≥ 97%) and p-hydroxybenzaldehyde (p-OHB, Sigma-Aldrich, purity     
≥ 98%) were used in SFC studies in order to evaluate the potential of this technique for the final 
stage of V and S purification. CO2 (99.998%) was purchased from Air Liquide (Portugal) and 
methanol HPLC grade (Fluka) was used as the co-solvent and the incorporation of formic acid 
(Chem-lab) was tested as an additive to the mobile phase. 
 
 
6.2.2. Fixed bed adsorption/desorption experiments 
 
Fixed bed experiments were performed in a jacketed glass column (Götec, Germany) of 6.3 cm 
length and 1 cm internal diameter, packed with a styrene-divinylbenzene resin SP700 (Mitsubishi 
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Chemical). Physical and chemical properties of the resin have been already detailed in Chapter 3. 
The bed porosity () of 0.37 was determined by pulse experiments at different flowrates using blue 
dextran as tracer (39). One bed volume (BV) corresponds to the bed void volume of approximately 
1.8 mL. The packed bed was thoroughly washed with ethanol:water (90:10, % V/V) solution and 
water prior to use. The fixed bed adsorption setup is depicted in Figure 6.1.  
The pH value of each feed solution employed was corrected to 7.6-8.2 by adding sulfuric acid 
(96%) aqueous solution diluted 1:1 and fed into the SP700 resin bed with a Smartline Pump 1000 
(Knauer) at 5.1 mL min
-1
 for the breakthrough experiment and at 5.4 mL min
-1
 for the cycles of 
adsorption/desorption performed. A fixed temperature of 25 ºC was ensured with a thermostatic 
water bath (Lauda). The adsorbed phenolic compounds were recovered by eluting with             
ethanol:water (90:10, % V/V) solution at the same operating conditions as the adsorption step. For 
the breakthrough experiment the line and bed was washed with water for 1 minute prior to the 
desorption step. Samples were collected at the column outlet, diluted and quantified by HPLC-UV. 
The experimental adsorbed and desorbed phase concentrations were determined from global mass 
balances.  
In the end of each experiment, the bed was completely regenerated by eluting 45 BV of 0.1 M 
NaHCO3 solution and rinsing with deionized water until pH 5.5 - 6. 
 
 
 
Legend: 
1 – Water Bath 
2 – Feed Vessel 
3 – Pump 
4 – Jacketed adsorption column 
a – Column inlet 
b – Column outlet 
1 
2 
3 
4 
a 
b 
4 
L
max
: 7 cm 

id
: 1 cm 
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Figure 6.1 Fixed bed adsorption setup. 
Three fixed bed experiments were performed: 1) a complete breakthrough with P1kDa as the feed 
stream; 2) five cycles of adsorption/desorption employing P1kDa as the feed stream and 3) four 
cycles of adsorption/desorption employing P5kDa as the feed stream. Each cycle includes the 
following sequence of steps: adsorption, washing, elution and final washing. In Figure 6.2 it is 
sketched the adsorption/desorption procedure performed and the sequence employed for the 
adsorption/desorption cycles. 
 
A B 
 
 
Figure 6.2 Preparative adsorption/desorption procedure: 
A) column packed with SP700 resin (6.3 cm of height,       
1 cm of i.d., 0.37 of ); B) Diagram of each cycle 
performed with P1kDa and P5kDa feed streams 
encompassing adsorption, washing, elution and final 
washing steps. 
 
 
 
6.2.3. Supercritical Fluid Chromatography studies 
 
SFC studies were performed in the supercritical chromatographer Thar® shown in Figure 6.3. This 
instrument is equipped with a column oven that holds 5 columns and can withstand temperatures 
between 5 ºC – 90 ºC, an auto sampler module, a fraction collector module and two delivery pumps 
for CO2 and co-solvent operated between 0.5 - 15 mL min
-1
 and 0.1 - 10 mL min
-1
, respectively. 
The desired flowrates are mixed in a mixer chamber and an automated backpressure regulator 
(ABPR) was used to control the desired flowrate. The detection is made by two detectors: diode 
array detector (DAD, model 2998) equipped with a high pressure flow cell and an evaporating light 
Feed
(1kDa or
P5kDa
Column
Outlet
solution
Ethanol:water
90:10 %V/V
solution
Eluate
P1kDa or
P5kDa
SP700 resin
Start 11 min 15 min 45min10 min
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scattering detector (ELSD, model 2424). The system is equipped with an automatic injector with 
injection volumes between 1 and 250 L. The maximum operating pressure allowed is 300 bar. In 
Figure 6.4 it is portrayed a simplified diagram of the SFC equipment used. The equipment is 
controlled with the software ChromScope IE v1.2. 
In this work it was used a Viridis
TM
 silica column of 4.6 x 250 mm and 5 m particle size and 
injections of 10 µL were performed. A pressure of 150 bar was employed in all experiments and 
UV detection is performed at 280 nm. 
The influence of temperature (40 or 50 ºC), modifier composition (methanol, 1-10 % V/V), 
presence of an additive (formic acid 0.2% V/V) and flowrate (5 or 4 mL min
-1
) in the 
chromatographic separation was investigated with synthetic solutions aiming to understand the role 
of each parameter in the separation of V, S, OV, OS, VA, SA and p-OHB.  
 
A B 
 
 
 
Legend: 
1 – Oven 
2 – Fraction collector 
3 – Detectors (DAD / ELSD) 
4 – Mixture chamber 
5 – Injection module 
Figure 6.3 Supercritical fluid chromatography experimental setup. 
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Figure 6.4 Simplified flow diagram of the supercritical fluid chromatography experimental 
setup used (40). 
 
 
6.3. Results and discussion 
 
 
6.3.1. Dynamic adsorption and desorption studies  
 
Purification and enrichment of several natural extracts by polymeric resins have been extensively 
investigated (9, 14, 41-43), demonstrating the potential of this type of resins to treat solutions 
containing phenolic compounds. The presence of hydrophobic and hydrophilic groups in the resin 
turns this type of resins very attractive for the adsorption of phenolic compounds (10, 14). 
Moreover, adsorption processes are suitable for the recovery of compounds present in the feed 
stream in diluted concentration as is the case of the phenolic compounds fraction present in 
oxidized IKL media.  
In this work, the polymeric resin SP700 was employed to treat an oxidized IKL previously 
submitted to a membrane fractionation sequence containing about 3 %W/WTS of the phenolic 
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compounds quantified by HPLC-UV (TP). To our knowledge, this is the first study of adsorption 
employing non-polar resins aiming the V and S recovery from IKL oxidized in alkaline conditions 
by O2. Existing literature reports to V and S adsorption from acidic spent liquor solutions  (22, 23).  
Wang et al. (22) applied a polymeric resin to treat an oxygen delignification spent liquor in acid 
conditions (pH 4.5).  
It has already been shown in previous Chapters that SP700 resin has good adsorption capacity for 
V, S, VA and SA. Taking as reference several studies published employing this type of resins to 
adsorb numerous different families of phenolic compounds (9), it is suggested that other phenolic 
compounds present in the oxidation mixture will also be co-adsorbed. Moreover, it is expected that 
the low MW lignin fragments will also be adsorbed (44, 45). Therefore, the main challenge to 
overcome when employing polymeric resins will be the lack of selectivity for V and S, since 
several other compounds will be co-adsorbed and co-eluted simultaneously, leading to a final 
product that probably requires further refining. 
To overcome in some way this difficulty and taking advantage of knowing the pKa of some 
compounds present in the mixture (Table 2.1, Chapter 2), the working pH was established between 
7.5-8.5 in order to avoid adsorption of the acids (VA, SA and other organic acids that might be 
present in solution). At this pH value, VA and SA, among other compounds, are ionized and thus 
will not be adsorbed. V, S, OV, OS and perhaps other low MW lignin fragments will be mostly in 
neutral state, and thus will be greatly adsorbed by the resin.  
 
 
6.3.1.1. Breakthrough experiment  
 
The final permeate stream obtained (P1kDa) pursued with an adsorption process onto SP700 resin 
until saturation of the bed. Afterwards, the adsorbed compounds were recovered by eluting with 
ethanol:water (90:10, % V/V) solution.  
Figure 6.5 shows the transient concentration histories at column outlet for V, S. OV, OS, VA, SA 
and p-OHB. Since p-OHB is present in very low concentration, only traces of this compound were 
adsorbed.  At the operating pH value, only traces of VA and SA were adsorbed due to the fact that 
these compounds are ionized at these conditions. This has already been discussed in Chapter 3 (and 
Appendix B), where it was shown that at pH 6.5, practically no VA and SA are adsorbed. 
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Figure 6.5 Adsorption and desorption concentration histories of V, S, OV, OS, VA, SA and  
p-OHB at column outlet. The column was packed with SP700 resin (6.3 x 1 cm,  of 0.37) and 
experiments were performed at 25 ºC and feed flowrate of 5.1 mL min
-1
.  
 
Table 6.1 summarizes the concentration in the feed stream of V, S, OV, OS, VA, SA, p-OHB and 
TP quantified and the respective adsorption capacities and recovered percentages obtained. About 
0.251 g g
-1
dry resin of TP was adsorbed, being 59% V and S (corresponding to 0.147 g g
-1
dry resin). The 
remaining compounds adsorbed in this work were mainly represented by the respective V and S 
ketones (OV and OS).  
The amount of V and S adsorbed in this work is considerably more than the maximum adsorbed 
amount (4.10-4.92 mg g
-1
) reported in literature (22) employing the polymeric resin D101 to adsorb 
V and S from an oxygen delignification liquor, from solutions with initial feed concentrations of V 
and S ranging from 6.08 – 7.28 mg L-1. Feed solution is composed by several phenolic compounds 
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and other unknown compounds that might compete with V and S for the available adsorption sites 
of the resin. Therefore it is expected that the V and S adsorbed amounts herein are lower than the 
ones obtained from mono component experiments with synthetic solutions presented in Chapter 3 
(0.243 and 0.285 g g
-1
dry resin calculated from the Bi-Langmuir equilibrium isotherm determined at      
25 ºC for 0.44 and 0.39 g L
-1
 of V and S, respectively).  
 
Table 6.1 Adsorption capacities and respective recovered amount of V, S, OV, OS, VA, SA 
and p-OHB and TP with ethanol:water (90:10, % V/V) solution. The bed (6.3 x 1 cm,  of 
0.37) was saturated with P1kDa solution onto SP700 resin at 25 ºC, 5.1 mL min
-1
 
 Ci,feed 
g L
-1
 
Adsorption capacity 
g g
-1
dry resin 
% Recovery 12 min 
elution 
% Recovery 4 min 
elution 
V 0.44 0.0797 81 74 
S 0.39 0.0673 88 75 
OV 0.13 0.0309 99 87 
OS 0.24 0.0557 90 79 
VA 0.43 0.0092 * * 
SA 0.48 0.0054 * * 
p-OHB 0.038 0.0031 96 84 
TP 2.14 0.251 83 73 
*VA and SA were mostly washed out with water and only trace amounts of VA and SA were 
desorbed with ethanol:water (90:10, % V/V) solution. 
 
About 81-99% of each adsorbed compound was recovered by eluting 12 minutes (34 BV) with an 
ethanol:water (90:10, % V/V) solution. Considering the elution with ethanolic solution for 4 
minutes (11 BV), between 74-87 % of the TP adsorbed is recovered, with the advantage of 
obtaining a more concentrated final solution of TP since less solvent was employed. The 
composition of this latter eluate fraction will be detailed below in section 6.3.1.3. However, 
through Figure 6.5 it is possible to observe maximum concentration peaks achieved of 5 g L
-1
 for V 
and 4 g L
-1
 for S. 
The level of recovery observed herein has also been observed in similar studies (22, 23). Wang et 
al. (22), desorbed V and S with ethyl ether and recoveries of 95-96 % were attained containing 
71% of the desired aldehydes. Wu et al. (23) achieved 93.6% recoveries of vanillin from oxidized 
liquors of acidic sulphite pulping.  
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This experiment has contributed to demonstrate that the application of the non-ionic resin SP700 
for recovering V and S from an oxidized IKL at operating pH value of 8 is achieved with great 
adsorption capacities. Although the pH near 7-8 was selected as a starting point, it is interesting in 
the future to perform a deeper study to evaluate the influence of pH in V and S adsorption in order 
to select the best operating pH value. Moreover, aiming the valorization of different products and 
enhancement of the adsorption process efficiency, it could be interesting to perform a sequential 
adsorption starting with pH values of 10-11 (the IKL oxidized solution as it is), followed by 
adsorption at pH values of 8 and 5.  
 
 
6.3.1.2.  Cycles of adsorption/desorption 
 
Cycles of adsorption and desorption were performed aiming to evaluate the reutilization of the 
resin SP700 when employing real oxidized IKL previously submitted to a membrane process. In 
order to understand if the third stage of the membrane fractionation sequence is really needed, this 
study was conducted with the permeate streams obtained with the 5 kDa and 1 kDa membranes. 
In Figure 6.6 it is shown the adsorption and desorption concentration histories at column outlet 
obtained for TP in the first cycle performed with each permeate stream abovementioned. It was 
possible to observe that practically the same TP concentration histories were attained in 
adsorption/desorption cycles performed with the different feed streams. About the same amount in 
TP was adsorbed in both experiments (0.063 ± 0.001 and 0.061 ± 0.001 g g
-1
dry resin for P5kDa and 
P1kDa, respectively). Adsorption capacities obtained for V, S, OV and OS were also very similar 
with errors below 2% (Table 6.2). 
Almost complete desorption of the TP (84 ± 2 % and 81 ± 2 % for P5kDa and P1kDa, respectively) 
was achieved employing the same ethanolic solution used in the experiment of saturation of the 
fixed bed (Table 6.2) 
Five and four cycles of adsorption/desorption were performed with P1kDa and P5kDa feed 
solution, respectively, encompassing the steps indicated in Figure 6.2, and very similar 
adsorption/desorption concentration histories were obtained between cycles, demonstrating that the 
resin SP700 can be reutilized (at least) up to 4-5 cycles of adsorption/desorption. In Figure 6.7 and 
Figure 6.8 the concentration histories obtained in each cycle for V, S, OV, OS, VA and SA are 
overlapped. For p-OHB (the least adsorbed compound) and TP, the concentration histories obtained 
are shown in Appendix D (Figure D.1). Similarly to the recovered amounts attained in the 
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breakthrough experiment previously discussed, average recovery amounts are above 81%, with 
deviations below 6%. 
 
Figure 6.6 Adsorption and desorption concentration histories of TP at column outlet for the 
first cycle performed with P1kDa and P5kDa feed solutions. Each cycle encompassed a stage 
of adsorption, washing with water, elution with ethanol:water (90:10, % V/V) solution and 
final washing with water. The column was packed with SP700 resin (6.3 x 1 cm,  of 0.37) and 
experiments were performed at 25 ºC and feed flowrate of 5.4 mL min
-1
. TP corresponds to 
the overall phenolic compounds quantified by HPLC-UV (V, S, OV, OS, VA, SA and              
p-OHB). 
 
Table 6.2 Average adsorption capacities and respective recovered amount of V, S, OV, OS and 
TP over five cycles of adsorption of P1kDa and four cycles for P5kDa. The bed (6.3 x 1 cm,  of 
0.37) was fed with each stream for about 10 minutes onto SP700 resin at 25 ºC, 5.4 mL min
-1
 
 P5kDa P1kDa 
 
Ci,feed 
g L
-1
 
Adsorption capacity 
g g
-1
dry resin 
% 
Recovery 
Ci,feed 
g L
-1
 
Adsorption capacity 
g g
-1
dry resin 
% 
Recovery 
V 0.38 0.0158 ± 0.0002 94 ± 1 0.40 0.0172 ± 0.0001 87 ± 4 
S 0.41 0.0165 ± 0.0001 93 ± 3 0.39 0.0167 ± 0.0001 92 ± 3 
OV 0.14 0.0063 ± 0.0002 97 ± 3 0.13 0.0060 ± 0.0001 100 ± 3 
OS 0.27 0.0117 ± 0.0001 98 ± 2 0.25 0.0115 ± 0.0004 103 ± 6 
TP 2.21 0.063 ± 0.001 84 ± 2 2.07 0.061 ± 0.001 81 ± 2 
P5kDa Ci,feed: p-OHB 0.058 g L
-1
; VA 0.49 g L
-1
; SA 0.46 g L
-1
;  
P1kDa Ci,feed: p-OHB 0.025 g L
-1
; VA 0.43 g L
-1
; SA 0.45 g L
-1
;  
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Figure 6.7 Adsorption concentration histories of V, S, OV, OS, VA and SA at column outlet 
for each cycle performed with P5kDa feed solution. The column was packed with SP700 resin 
(6.3 x 1 cm,  of 0.37) and experiments were performed at 25 ºC and feed flowrate of            
5.4 mL min
-1
. Cycles are identified as 1- first cycle (), 2- second cycle (), 3- third cycle () 
and 4- forth cycle (). 
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Figure 6.8 Adsorption concentration histories of V, S, OV, OS, VA and SA at column outlet 
for each cycle performed with P1kDa feed solution. The column was packed with SP700 resin 
(6.3 x 1 cm,  of 0.37) and experiments were performed at 25 ºC and feed flowrate of            
5.4 mL min
-1
. Cycles are identified as 1- first cycle (), 2- second cycle (), 3- third cycle (), 
4- forth cycle () and 5- fifth cycle ().  
 
Average V and S adsorption capacities attained for the cycles performed with P5kDa and P1kDa 
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same TP was also adsorbed in both cycles as already mentioned, and thus, regarding each phenolic 
compound quantified, there are no significant differences between the P5kDa or the P1kDa 
permeate. Nevertheless, the decision of eliminating the third stage of the membrane fractionation 
sequence studied must take into account that there are other compounds not quantified that 
probably were adsorbed as well. Discussion about the composition of the eluates will be conducted 
in the next sub-section.  
In Figure 6.9 it is shown the concentration histories of each eluting phenolic compound quantified 
by HPLC-UV observed for the first cycle performed with feed streams P5kDa and P1kDa. In 
Appendix D, it is shown overlaid the concentration histories obtained for the other cycles (Figures 
D.2 to D.4). Since the feed stream P5kDa was slightly more concentrated in TP than the P1kDa, the 
elution histories of V, S, O and OS are slightly higher employing the P5kDa stream. 
 
  
  
Figure 6.9 Elution concentration histories of V, S. OV, OS, VA, SA and p-OHB quantified for 
the first cycle after adsorption of feed streams P1kDa and P5kDa in a column packed with 
SP700 resin (6.3 x 1 cm,  of 0.37) at the following operating conditions: 25 ºC and feed 
flowrate of 5.4 mL min
-1
. 
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In the cycle experiments, the bed did not achieve the saturation and thus, less adsorbed amounts of 
TP were observed between the complete saturation of the bed experiment (0.251 g g
-1
dry resin) and 
the cycles performed (0.061/0.063 g g
-1
dry resin). Consequently, comparing the elution concentration 
with the concentration histories observed for the experiment performing complete saturation of the 
bed with P1kDa feed stream (Figure 6.5), more diluted eluates are obtained with lower maximum 
concentration values observed, around 2 g L
-1
 (Figure 6.9). In Appendix D, it is shown overlaid the 
concentration histories of TP obtained in each adsorption/desorption experiment performed (Figure 
D.5). 
The advantage of performing cycles of adsorption/desorption is that almost all V and S fed onto the 
column are adsorbed (nearly 80%) and thus, less V and S are lost, since the bed is still retaining 
these compounds. Consequently the efficiency of the adsorption process is greatly improved.  
 
 
6.3.1.3. Composition of the eluates 
 
In Table 6.3 it is summarized the concentration of TS, ashes, TP, V, S, OV and OS assayed for 
each eluate obtained by collecting the solution coming out of the column for the time interval of 
[0.5-3.5/4[ min. The eluates are: eluate P1kDa, Breakthrough (complete saturation of the bed) and 
eluates P5kDa, cycles and P1kDa, cycles (for adsorption/desorption cycles performed). The 
composition of the solution coming out of the adsorption column during feeding with P5kDa is also 
presented (P5kDa, column outlet). Comparing the composition of the feed (Table 5.4, Chapter 5) 
with the respective eluates obtained, TS has decreased significantly from 58.6 - 64.0 g L
-1
 to 7.2 – 
24.6 g L
-1
. The ashes concentration also decreased from 38 g L
-1
 to a value below 2.5 g L
-1
. The 
eluate P1kDa corresponding to the complete bed saturation presents the highest TS and TP 
concentration. Additionally, the TP concentration has increased about 1.5 times for the eluates 
obtained in the cycle experiments and 4 times for the complete saturation of the bed experiment. 
Moreover, through the analysis of the solution coming out of the column during adsorption cycles 
with P5kDa stream, it was possible to conclude that the majority of the compounds were not 
adsorbed onto the bed leading to a solution containing about 41.3 g L
-1
 of TS. TP concentration in 
this stream has decreased from 2.21 to 0.90 g L
-1
 and is mainly composed by the phenolic acids not 
adsorbed VA and SA, in concentrations of 0.41 and 0.33 g L
-1
, respectively. 
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Table 6.3 Concentration of TS, ashes, TP, V, S, OV and OS obtained for each eluate solution 
collected from [0.5-3.5/4[ minutes and for the column outlet during cycle adsorption 
experiments with P5kDa.  
Concentration 
(g L
-1
) 
Eluate P1kDa, 
Breakthrough 
Eluate P1kDa, 
cycles 
Eluate P5kDa, 
cycles 
P5kDa, column 
outlet 
TS 24.6 7.2 9.0 41.3 
Ashes 2.4 0.4 0.4 26.4 
TP 9.09 3.25 3.38 0.90* 
V 2.49 0.97 0.98 0.06 
S 2.82 0.95 1.00 0.05 
OV 1.27 0.38 0.38 0.02 
OS 2.42 0.74 0.72 0.04 
*VA and SA concentration is 0.41 and 0.33 g L
-1
, respectively. 
 
The corresponding composition regarding ashes and TP of each stream analysed are detailed in 
Figure 6.10, as wt% of TS. The remaining compounds not analysed in this work (unk. compounds) 
would correspond to other compounds present in solution such as lignin-carbohydrate complexes 
and other low MW lignin fractions and low MW phenolic compounds (46) that might have been 
adsorbed and co-eluted as well (9, 44, 45). 
The aim of this characterization was to understand the level of enrichment in TP content quantified 
by HPLC-UV, in respect to the TS determined for each sample. The composition in terms of wt% 
of TS for the feed streams P5kDa and P1kDa has been already detailed in Chapter 5 (Figure 5.12). 
Comparing the composition of the feed steams with the corresponding eluates obtained, the content 
in ashes has decreased significantly from 59-65% to less than 10 %W/WTS. The content in TP for 
all the three eluates was significantly increased from 3-4 to 38-45 %W/WTS. However, unk. 
compounds fraction corresponding  to other compounds that were simultaneously adsorbed and co-
eluted being also concentrated and thus, its composition also increased from 32-37% to 49-           
57 %W/WTS.  
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Figure 6.10 Composition (%W/WTS) regarding ashes, TP and other compounds co-eluted not 
quantified for each elution stream analysed (collected for the time interval [0.5-3.5/4[ 
minutes) and for column outlet during adsorption cycles experiments with P5kDa. 
 
In Figure 6.11 the content of each phenolic compound quantified expressed as mg per g of TS for 
the feed streams employed in the adsorption/desorption studies and respective eluates are shown. 
The relative content of each phenolic compound quantified expressed as wt% of TP is displayed in 
Appendix D (Figure D.6). V and S composition increased from 11-15 mg g
-1
TS, present in the feed, 
for 216-267 mg g
-1
TS (corresponding to an increase of 14-24-fold and representing about 58-59% of 
the TP). The remaining phenolic content obtained for the eluates corresponds mainly to OV and 
OS, and composition of both these compounds have increased from 6-7 mg g
-1
TS to                     
122-156 mg g
-1
TS (17-26-fold increase and representing 32-35% of the TP). Since VA, SA and       
p-OHB were adsorbed in lower amounts and thus, its composition changed from 15-17 mg g
-1
TS to 
4.4 mg g
-1
TS for P1kDa breakthrough experiment and 29-33 mg g
-1
TS for the cycle experiments. 
 
The composition of the solution coming out of the column during cycle experiments with P5kDa 
was also studied (Figure 6.10). This solution was depleted in TP (2 %W/WTS) with VA and SA   
(18 mg g
-1
TS, Figure 6.11) content being the main phenolic compounds quantified, representing     
82 % of the TP. Moreover, this solution became poorer in V, S, OV and OS, representing only 18% 
of the TP, and strongly enriched in ashes, attaining 64 %W/WTS. Regarding the other compounds 
not adsorbed (e.g. high MW lignin fragments), the P5kDa column outlet solution contains about   
34 %W/WTS. 
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Figure 6.11 Detailed composition of the phenolic compounds quantified (V, S, OV, OS, VA, 
SA and p-OHB) expressed as mg g
-1
TS for the different feed and eluate streams obtained 
(collected for the time interval [0.5-3.5/4[ minutes) and for column outlet solution during 
P5kDa adsorption cycles.  
 
Comparing the eluate solutions obtained in the cycles study, although P5kDa eluate is slightly more 
concentrated in TP (3.38 g L
-1
, Table 6.3) than the P1kDa eluate solution (3.25 g L
-1
, Table 6.3), V 
and S composition in terms of mg g
-1
TS is 1.21 times more for the P1kDa eluate fraction collected 
(267 mg g
-1
TS) than for P5kDa (220 mg g
-1
TS). This can be partially explained by the fact that other 
compounds besides the TP and ashes quantified were adsorbed in more extent for P5kDa cycle 
experiments. It also indicates that the membrane fractionation step encompassing 3 membrane 
stages was somewhat beneficial to increase composition of TP in the final eluate solution obtained. 
Nevertheless, a third membrane stage accounts for more initial investment and operating costs and 
thus, the decision to include this third stage must take into consideration other variables, such as the 
economic aspects. 
In the future, an adsorption/desorption study employing this solution as the feed stream to recover 
the phenolic acids (VA and SA) could be considered. These acids are known for having important 
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biological properties (47, 48) and a better exploitation of the oxidized IKL introduces more value to 
the integrated lignin oxidation and separation/purification process studied in this work. 
 
 
6.3.1.4. Composition of the eluate P1kDa along desorption time 
 
The concentration regarding TP, ashes and other compounds not quantified along desorption time 
was studied for cycles of adsorption performed with P1kDa feed solution and is summarized in 
Table 6.4. In Figure 6.12 it is depicted the composition in terms of %W/WTS of each time fraction 
of P1kDa eluate collected. The main goal with this characterization was to understand if 
compounds co-eluted would preferentially come out of the column in the beginning of desorption 
and investigate TP relative content evolution along the desorption procedure (Figure 6.13). 
Maximum concentration of TS, ashes and TP was found for eluate fraction collected between            
[0.8-1.3[ minutes of desorption with ethanol:water (90:10, % V/V) solution (Table 6.4). However, 
considering the enrichment in TP in each fraction (%W/WTS) obtained, the fraction with the lowest 
concentration (1.26 g L
-1
) collected for time interval [2.5-3.5[ min was the richest in TP                   
(79 % W/WTS). 
 
Table 6.4 Concentration of TS, ashes, TP, V, S, OV and OS determined for different time 
intervals during the elution of P1kDa cycles study  
Concentration 
  (g L
-1
) 
[0.5-0.8[ 
min 
[0.8-1.3[ 
min 
[1.3-1.8[ 
min 
[1.8-2.5[ 
min 
[2.5-3.5[ 
min 
TS n.a. 16.1 7.9 4.6 1.6 
Ashes n.a. 1.9 1.2 0.9 0.1 
TP 4.92 5.96 3.15 2.46 1.26 
V 1.22 1.69 1.02 0.84 0.45 
S 1.29 1.70 0.93 0.74 0.38 
OV 0.62 0.74 0.36 0.27 0.13 
OS 1.38 1.51 0.68 0.48 0.26 
n.a. - not analysed 
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Figure 6.12 Composition (% W/WTS) regarding ashes, TP and other compounds co-eluted not 
quantified for different elution time fractions of desorption for P1kDa cycle experiments. 
  
Additionally, through Figure 6.12 it is possible to observe that the TP content has increased along 
time of desorption from 37 to 79 %W/WTS and simultaneously, the other compounds being co-
eluted decreased from 51 to 15 %W/WTS, clearly demonstrating a selective enrichment. This 
characterization gave the indication that the other compounds co-adsorbed (such as carbohydrates-
lignin complexes, other low MW lignin fragments and TP) were mainly desorbed in the beginning 
of desorption procedure.  
Although the last fraction collected (corresponding for the elution interval [2.5-3.5[ min) is more 
enriched in TP (79 %W/WTS) than the other fractions, its concentration in solution was the lowest 
(1.26 g L
-1
) of all the fractions analysed, meaning that a considerable mass of TP is co-eluted in the 
beginning of the desorption process with the other compounds present. Therefore, the decision for 
the selection of the time interval to proceed with further purification steps must account for this 
loss in mass. 
The relative V, S, OV, OS, VA, SA and p-OHB (expressed as wt% of TP) of each time fraction 
collected was determined (Figure 6.13) and it was possible to observe that the proportions between 
the different phenolic compounds quantified changed slightly. Along the desorption procedure, OV 
and OS decreased from 13% and 28% to 10% and 19%, respectively. The opposite trend was 
observed for V and S, where an increase of content from 25 and 26 % to 36 and 30 % was 
obtained, respectively. This gives an indication that probably OV and OS are desorbed in a higher 
rate than V and S.  
12 15
20
06
37
40
53 79
51
45
27
15
0
20
40
60
80
100
[0.8-1.3[ min [1.3-1.8[ min [1.8-2.5[ min [2.5-3.5[ min
C
o
m
p
o
si
ti
o
n
 (
%
 W
/W
TS
)
Unk. Compounds TP Ashes
204 Chapter 6 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
 
 
Figure 6.13 Relative V, S, OV, OS, VA, SA and p-OHB expressed as wt% of TP for different 
fractions of elution time during desorption cycle studies with ethanol:water (90:10, % V/V) 
solution for P1kDa. 
 
The results of this study demonstrate the capability of adsorption/desorption to purify phenolic 
compounds from the oxidized IKL permeate (adsorption feed), in particular V and S. Although 
with some loss of these two compounds in the eluate (about 25% considering the cycles 
performed), the final concentration considering all the eluate collected is 1.92 and 1.98 g L
-1
 for 
cycles performed with P1kDa and P5kDa, respectively, with 4-6 %W/WTS of ashes and                    
50-57 %W/WTS of other unidentified compounds, corresponding to an increase of V and S purity 
from 1.2-1.4 % (feed stream) to 21-27 % (final eluates obtained in the cycle studies), which 
represents an 19.6-25.8 % increase of purity, when compared with the feed stream. 
Additionally, in this study it was also demonstrated that this resin can be reused at least 4/5 times 
for adsorption of phenolic compounds from an oxidized IKL previously subjected to a membrane 
fractionation process, without losing its capacity, since most of the compounds are recovered in the 
elution step and complete regeneration of the bed is accomplished with water.  
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6.3.1.5. Gel permeation chromatography 
 
Gel permeation chromatography (GPC) analysis was performed for feed streams and for the 
respective eluates obtained, in order to understand the differences in the molecular weight (MW) 
distribution profile during each adsorption/desorption study. The molecular mass distribution 
obtained for each stream is shown in Figure 6.14, normalized by the area under the curve.  
As previously explained in Chapter 5 for GPC applied to the different streams obtained for the 
membrane fractionation study, GPC separates the compounds present in each sample based on 
molecular size allowing determining the relative MW. The greater the MW of the compound, the 
lower the elution time will be. 
GPC is considered to be a relative method and thus, conclusions and comparison between other 
works/studies should be carefully done (49). Sample treatment, mobile and stationary phases 
influence the values/results obtained (50). As for instance, the use of different solvents can swell 
the stationary phase differently, consequently affecting the pore size distribution in a different 
manner (50). Electrostatic repulsion and solvation of the phenolic molecules can occur and thus the 
ionic strength of the eluent contributes also for the separation behaviour observed (50). 
Additionally, due to the presence of several phenolic compounds with different functional groups 
(e.g. hydroxyl, carbonyl, aldehyde, carboxyl), the chromatographic separation can be affected as 
well because of different interactions between the phenolic compounds and the stationary phase of 
PS-DVB such as ion exclusion, ion exchange and ion inclusion and adsorption phenomena 
triggered by hydrogen bonding or hydrophobic interactions between the compound and the            
gel (50).  
In this work, different polystyrene standards were analysed by GPC in order to obtain the 
correlation between MW and the respective elution time. However, for the reasons explained 
above, the phenolic compounds will interact differently with the stationary phase, and different 
elution times than the ones expected will be observed. This has already been mentioned in Chapter 
5 with GPC performed with some phenolic standards (Figure 5.9). 
During adsorption, the low molecular weight phenolic compounds (including V, S, OV, OS and 
low MW lignin fragments) (44, 45, 51) present in solution will be adsorbed. Since the operating pH 
value was near 8, VA and SA acids will not be extensively adsorbed since experiments are being 
conducted in a non-polar resin and the acids are mainly ionized (since their pKa is around 4.3 - 4.4, 
indicated in Table 2.1, Chapter 2). Therefore, it is expected that the solution coming out of the 
column will be richer in these acids, other ionized phenolic compounds and higher MW 
compounds not adsorbed. This statement can be corroborated by the GPC analysis performed for 
the column outlet during the adsorption/desorption cycles performed with the P5kDa experiments, 
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depicted in Figure 6.14-B, where it can be seen that the solution coming out of the adsorption 
column (P5kDa column outlet) changed significantly its MW profile when compared to the 
respective feed and there is a predominance of compounds with higher MW (for eluting times 18-
22 min) and in the acids not adsorbed (for eluting times 25-32). 
 
A 
 
B 
 
Figure 6.14 Normalized chromatograms obtained by GPC for feed streams of the adsorption 
process P1kDa (A) and P5kDa (B) and respective eluates. During the adsorption cycles 
performed with P5kDa the column outlet solution was collected and analysed as well. 
Normalization with area under the curve.  
37265 18659 9343 4678 2343 1173 587 294 147
MW polystyrene standards (g mol-1) 
37265 18659 9343 4678 2343 1173 587 294 147
MW polystyrene standards (g mol-1) 
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As can be seen through Figure 6.14, in regard to the respective feed stream, the eluates obtained 
after feeding the column with P1kDa and P5kDa and eluting with ethanol:water (90:10, % V/V) 
solution between (0.5 – 3.5/4 min.) have a completely different MW profile: the eluates have less 
compounds with higher MW (corresponding to elution times between 18 and 22 min), and are 
practically depleted of VA, SA and probably other organic acids, eluting at 30.5 min, present in 
solution in their ionic state. Each eluate is mainly composed with compounds eluting between 22 
and 24.5 min, including V, S, OV, and OS. In Appendix C Figure C2, the normalized GPC 
chromatograms for all streams analysed are superimposed to better observe their differences.  
GPC confirms what has already been stated above, the adsorption process refined the feed stream 
and thus, the eluates are depleted in compounds eluting after 25 minutes and are richer in 
compounds eluting between 22-25 min (the same interval of retention times observed for V and S 
and the respective ketones).  
The elution profiles obtained for both eluates are very similar meaning that the third stage of the 
membrane fractionation sequence employed (discussed in Chapter 5) probably is not required since 
it does not enhance significantly the adsorption/desorption process regarding obtaining enriched 
and purified samples of V and S. Nevertheless, this decision must be made upon comparing the 
increment in operating costs with a third membrane stage and the gain in V and S content (already 
discussed in 6.3.1.3). 
 
 
6.3.2. SFC studies 
 
In supercritical fluid chromatography (SFC), to obtain a good separation of the compounds with 
high retention factors, selectivity and efficiency are dependent on the combination of several 
factors such as the type of stationary phase, presence of modifiers and additives, pressure, flowrate, 
temperature, sample diluent and injection volume (52). In this study the effect of methanol 
composition (1-10 % V/V) as the co-solvent of the CO2 mobile phase, the incorporation of the 
additive formic acid (0.2% V/V), temperature (40 and 50 ºC) and flowrate (4 and 5 mL min
-1
) were 
studied in order to understand their effects in the chromatographic separation of the desired 
phenolic compounds employing a highly polar silica column. 
In order to understand the type of interaction between phenolic compounds and the silica column, 
typical phenolic compounds found in oxidized IKL (V, OV, S, OS, VA, SA and p-OHB) were 
analyzed by SFC and the following chromatographic conditions were employed as a starting point: 
40 ºC, 150 bar, 5 mL min
-1
 and a CO2 mobile phase containing 10% V/V methanol. The overlaid 
208 Chapter 6 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
UV signals obtained for each standard phenolic compound are shown in Figure 6.15.A, along with 
the respective retention times. A synthetic mixture containing all the above mentioned phenolic 
compounds was analyzed as well in the same chromatographic conditions (Figure 6.15.B). 
 
 
Figure 6.15 SFC chromatograms of standard phenolic compounds usually found in oxidized 
IKL medium: A) overlaid chromatograms of several standard solutions: vanillin (V, 3.38 g L
-1
), 
acetovanillone (OV, 1.80 g L
-1
), p-hydroxybenzaldehyde (p-OHB, 0.82 g L
-1
), syringaldehyde 
(S, 4.22 g L
-1
), acetosyringaldehyde (OS, 2.64 g L
-1
),  vanillic acid (VA, 1.55 g L
-1
), syringic 
acid (SA, 2.64 g L
-1
); B) synthetic mixture prepared with all the compounds: V  (3.24 g L
-1
), 
OV (3.36 g L
-1
), p-OHB (2.16 g L
-1
), S (2.54 g L
-1
), OS (2.74 g L
-1
),  VA (2.04 g L
-1
) and SA 
(2.56 g L
-1
). Chromatographic conditions: 40 ºC, 150 bar, 10% V/V of methanol, 5 mL min
-1
.  
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For these chromatographic conditions, it was possible to observe that the phenolic acids have 
interacted more with the silica stationary phase, having higher retention times. V and OV are the 
least retained compounds, with retention times of 1.36 and 1.39 minutes, respectively. This can be 
attributed to the synergic effect between the silanol groups present in the silica column and the CO2 
mobile phase applied, which led to a normal phase separation type mechanism. 
Moreover, poor selectivity between V and S with their respective ketones was observed for these 
chromatographic conditions. However, Gaussian shape peaks were obtained for all the compounds 
and the analysis was performed for a very short period of time (within 3 minutes).  
Comparing SFC with RP-HPLC employing the ACE 5 C18 column with a pentafluorophenyl 
group (250 x 3.0 mm, 5 µm) applied in this work for the quantification of the phenolic compounds 
(Appendix E – Figure E.1), different selectivities were found and thus, different elution orders: p-
OHB, VA, V, SA, S, OV and OS. This is due to the different nature of the stationary phase and also 
to the different solubilities of the compounds in the mobile phase. This behavior was expected and 
has already been referred in literature (53).   
 
6.3.2.1. Effect of modifier and additive 
 
CO2 is a very weak eluting solvent with poor solvating power and the incorporation of an organic 
modifier will change the eluotropic strength of the mobile phase in favour of increasing the 
solubility of the phenolic compounds and induce selectivity changes due to solute-mobile phase 
interaction changes such as hydrogen bonds and dipole-dipole interactions (28, 33). Moreover, 
even in the presence of a small amount of an organic modifier, the polarity of the stationary phase 
changes significantly since the highly polar adsorption sites on the silica column are rather masked 
or occupied by the solvent molecules, reducing the active sites available for the phenolic 
compounds interaction with the stationary phase. Therefore, it is expected that the addition of small 
amounts of an organic modifier will change retention and separation performances due to a change 
in polarity (33, 54).  
In this study different compositions of methanol were added to the CO2 mobile phase (1, 2,             
5 and 10 % V/V) and Figure 6.15 and Figure 6.16 show the respective chromatograms obtained 
after analysing a synthetic mixture containing all the phenolic compounds of interest for each 
methanol composition in order to evaluate its effect on retention time, selectivity and peak shape 
changes. 
As the methanol content is increased, the retention time is significantly reduced and Gaussian peak 
shapes are obtained but the separation factor between V and S with their respective ketones is 
210 Chapter 6 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
negatively affected. On the other hand, employing a CO2 mobile phase with 1% methanol, helps 
improving the column selectivity but very poor peak shapes (asymmetric) are obtained, in 
particular for S and OS. Moreover, the detection limit of each phenolic compound is significantly 
decreased.  
 
Figure 6.16 SFC chromatograms of a synthetic mixture prepared with V (3.24 g L
-1
), OV          
(3.36 g L
-1
), p-OHB (2.16 g L
-1
), S (2.54 g L
-1
), OS (2.74 g L
-1
),  VA (2.04 g L
-1
) and  SA           
(2.56 g L
-1
) for a mobile phase of CO2 containing different amounts of modifier A) 5% V/V 
methanol; B) 2% V/V methanol and C) 1% V/V methanol. Other chromatographic 
conditions: 40 ºC, 150 bar, 5 mL min
-1
.  
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Additionally, it is important to note that different amounts of methanol present in the mobile phase 
changed the retention times of all compounds keeping the order of elution of each compound with 
the exception of p-OHB. (Figure 6.15) p-OHB eluted between OV and S for 10% V/V methanol, 
and, decreasing the methanol composition for 5% V/V methanol, this compound eluted between 
OS and VA (Figure 6.16 and for more detail see Figure F.1 with the overlaid SFC chromatograms 
of each phenolic compound analysed at 5% V/V methanol) and for 2% V/V methanol incorporation 
to the mobile phase, p-OHB started eluting immediately after VA. This means that the eluotropic 
strength change of the mobile phase has induced different interaction phenomena between p-OHB 
and the stationary phase (33, 54).  
The incorporation of 0.2% V/V formic acid to the methanol solution did not succeed in improving 
neither peak shape nor selectivity of the chromatographic process for V, S, OV and OS separation 
(Figure 6.17) and only delayed the retention times (e.g. for vanillin the retention time shifted from 
3.26 to 3.71 min). 
Sun et al. (38) were also unable to decrease peak tailing by the incorporation of formic acid 
(0.075% V/V) or trifluoroacetic acid (0.15% V/V) to methanol. Nevertheless, the authors 
manage to improve peak shape by adding citric acid (0.23% V/V) to methanol, obtaining more 
symmetrical and narrower peaks. 
 
 
 
Figure 6.17 SFC chromatograms of a synthetic mixture of V, S, OV and OS with 
approximately 0.6 g L
-1
 /each for 1% V/V methanol and 1% V/V methanol containing 0.2% 
V/V formic acid (HCOOH). Other conditions: 40 ºC, 150 bar, 5 mL min
-1
.  
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6.3.2.2. Effect of the Temperature 
 
The influence of temperature on the retention time is explained by the combination of two opposite 
effects: the volatility and density effects. The first effect is related with the increase of the 
compounds volatility with temperature increase leading to lower retention times (55, 56). The 
second effect is regarded to the density decrease of the supercritical solvent with temperature 
increase and hence, solubility is decreased, leading to higher retention times. The combination of 
both effects determines the retention behavior of the compounds (33, 34). 
Figure 6.18 shows that the retention time of the studied phenolic compounds increased with 
increasing temperature from 40 ºC to 50 ºC, meaning that the change of the mobile phase density 
was the dominant effect. Moreover, the increase in temperature slightly increased peak resolution 
between V and OV and S and OS but, nevertheless, the detection limit for S and OV is 
considerably reduced. 
 
 
Figure 6.18 SFC chromatograms of a synthetic mixture of V, S, OV and OS with 
concentrations bellow 0.6 g L
-1
 /each for different temperatures (40 and 50 ºC). Other 
conditions: 5 mL min
-1
, 150 bar, 1% V/V methanol as modifier.  
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6.3.2.3. Effect of the flowrate 
 
In SFC systems, the flowrate has a direct impact on the analysis time without compromising peak 
shape due to the high diffusion coefficients when employing supercritical fluids (33). However, a 
flowrate change can affect the separation factor and chromatographic resolution due to 
modifications of the internal pressure and mobile phase density. An increase in the flowrate, 
increases both the internal pressure and the fluid density that will, in turn, induce a decrease in the 
separation factor. In the first case, the separation factor will decrease due to an apparent increase of 
the void volume (33) and in the second case, the separation factor will also decrease due to an 
increase in fluid density and thus, an increase of elution strength. 
Figure 6.19 shows the chromatograms obtained for the elution of a mixture containing V, OV, S 
and OS at different flowrates and, besides the obvious change in the retention time, no significant 
changes were observed neither for peak tailing nor resolution.  
 
 
Figure 6.19 SFC chromatograms of a synthetic mixture V, S, OV and OS with concentrations 
bellow 0.6 g L
-1
 /each for different flowrates (5 and 4 mL min
-1
). Other conditions: 50 ºC,   
150 bar, 1% V/V methanol as modifier.  
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6.3.2.4. Mobile phase gradient  
 
Regarding the isocratic eluent studies performed, the best modifier composition obtained was for 
1% V/V methanol but poorer peak shapes were obtained, in particular for S, OS, VA, SA and p-
OHB, and more concentrated samples are needed.  
The chromatographic separation of a synthetic mixture containing the phenolic compounds of 
interest was performed for several methanol composition gradients at 5 mL min
-1
, 150 bar and      
40 ºC in order to improve selectivity and peak shapes obtained for the 1% V/V methanol isocratic 
eluent employed. In the establishment of the co-solvent gradient, the chromatographic process 
started with 0.7% V/V of methanol to delay the elution of V and OV and thus, increase the 
separation factor between these compounds. Afterwards, methanol composition was gradually 
increased up to 2% V/V in order to elute the phenolic acids earlier with better peak shapes and 
then, methanol composition raise up to 5-10  % V/V methanol study in order to prepare the column 
for successive injections in a short period of time and promote the rapid elution of more retained 
compounds not studied in this work but that could be present in real and more complex samples.  
In Figure 6.20A it is showed the best methanol gradient conditions found for separating V, S, OV, 
OS, VA, SA and p-OHB, taking into consideration the selectivity, peak shape and elution time 
observed. A methanol gradient was also established for the feed flow rate of 3 mL min
.-1
 that 
slightly increased the separation between V and OV but the elution time of all compounds 
increased for 35 minutes. In Appendix F it is summarized other methanol gradients tested (Figure 
F.2 and Figure F.3). In Figure F.4 it is overlaid the chromatograms obtained for each phenolic 
compound for the best gradient found for 5 mL min
-1
. 
These preliminary tests helped to understand the influence of methanol composition, additive 
incorporation, temperature and flowrate in the chromatographic separation of the phenolic 
compounds of interest in silica columns. Among the isocratic studies, the best methanol 
composition in the CO2 mobile phase found was 1% V/V. The other parameters studied 
(temperature, flowrate, incorporation of formic acid) did not introduce significant improvements. 
Some methanol gradients were tried but only increased slightly the separation between V and OV 
and were beneficial to elute the phenolics acids earlier with better peak shapes. More experiments 
should be performed in order to verify if further optimization of the chromatographic process is 
possible, focused, in particular, in improving V and S separation between their respective ketones. 
The effect of pressure should be evaluated as well as the incorporation of other additives such as 
citric acid.  
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Figure 6.20 SFC chromatograms of a synthetic mixture prepared with V (3.24 g L
-1
), OV 
(3.36 g L
-1
), p-OHB (2.16 g L
-1
), S (2.54 g L
-1
), OS (2.74 g L
-1
),  VA (2.04 g L
-1
) and  SA           
(2.56 g L
-1
) for different chromatographic methods of co-solvent gradient at A) 5 mL min
-1
 
and B) 3 mL min
-1
.  Other chromatographic conditions: 150 bar and 40 ºC.  
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6.3.3. SFC separation of the eluates produced in the adsorption of oxidized IKL 
permeate 
 
The best gradient modes found at 5 and 3 mL min
-1
, 150 bar and 40 ºC were selected to evaluate 
the CO2 supercritical fluid chromatographic separation of an oxidized IKL medium previously 
treated by membrane and adsorption processes. Figure 6.21 and Figure 6.22 present the gradients 
and respective chromatograms obtained. Reasonable separation between V/OV and S/OS was 
achieved for both chromatographic conditions studied and very similar to the injections performed 
with the synthetic solutions prepared (Figure 6.20). VA and SA were not detected and p-OHB was 
detected at lower concentration than the other compounds. In fact, in previous quantification by 
RP-HPLC UV only trace amounts of VA, SA and p-OHB were present in the final eluates obtained 
after adsorption of the permeates P1kDa and P5kDa onto SP700 resin and desorption with 
ethanol:water (90:10, % V/V) solution. 
This study shows the possibility of separating phenolic compounds found in oxidized IKL streams 
using a silica column and CO2-based mobile phase containing methanol. The next steps will be the 
assessment of the effect of backpressure and other additives (e.g citric acid) on the selectivity for 
the phenolic compounds and peak shape. Other type of stationary phases should be evaluated by a 
methodical scanning of chromatography conditions. 
Afterwards, the best stationary phase and chromatographic conditions found will pursue with 
studies at preparative scale in order to establish a SFC simulating moving bed or other multicolumn 
chromatography methodology employing CO2 at supercritical conditions to purify V and S from 
oxidized IKL streams previously treated by membrane and adsorption processes.  
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Figure 6.21 SFC chromatograms of the final eluates obtained: A) P1kDa, breakthrough; B) 
P1kDa, cycles and D) P5kDa cycles.  Chromatographic conditions: 5mL min
-1
, 150 bar, 40 ºC 
with the same methanol gradient mode as Figure 6.20A.  
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Figure 6.22  SFC chromatograms of the final eluates obtained: A) P1kDa, breakthrough; B) 
P1kDa, cycles and D) P5kDa cycles.  Chromatographic conditions: 3 mL min
-1
, 150 bar, 40 ºC 
with the same methanol gradient mode as Figure 6.20B. 
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6.4. Conclusions 
 
The permeates P5kDa and P1kDA obtained from the oxidized IKL membrane fractionation process 
with the membranes 50, 5 and 1 kDa MWCO were submitted to adsorption/desorption studies 
employing the polymeric resin SP700 prior to a pH value correction to 7.5-8.  
A complete breakthrough with the P1kDa feed stream was performed and 0.251 g g
-1
dry resin of 
phenolic compounds quantified were adsorbed. At the operating pH value the phenolic acids (VA, 
SA) were mostly ionized and were practically not adsorbed and thus, about 93% of the adsorbed 
phenolic monomers correspond to V, S, OV and OS. p-OHB is present in the feed stream in very 
low concentrations, therefore it was not adsorbed in considerable amounts. About 73-87 % of the 
phenolic compounds adsorbed were recovered within 11 BV by eluting with an ethanol:water (90:10, % V/V) 
solution. A final eluate solution of 5.31 g L
-1
 of V and S was obtained, representing 215 mg g
-1
TS. 
Cycles of adsorption and desorption with P1kDa and P5kDa permeates were performed aiming to 
evaluate the reutilization of the resin and compare the adsorption performances employing these 
different streams obtained from the membrane fractionation process. Each cycle encompassed 
adsorption, washing, desorption and final washing steps for 10, 1, 4 and 30 minutes, respectively. 
Final eluates composition in TS, TP and ashes was detailed and discussed. 
The adsorption capacities obtained were very similar between cycles performed with both streams: 
0.063 g g
-1
dry resin and 0.061 g g
-1
dry resin of phenolic compounds were adsorbed for experiments 
performed with P5kDa and P1kDa, respectively. Moreover, recoveries of 81-84 % were achieved 
from the desorption step and the remaining compounds were washed out in the final washing step. 
Therefore, it can be concluded that the resin SP700 can be efficiently reutilized up to 4-5 cycles of 
adsorption/desorption. 
Final eluates with 1.98 and 1.92 g/L of V and S concentration were obtained, representing 220 and 
267 mg g
-1
TS for P5kDa and P1kDa, respectively. The differences between employing P5kDa and 
P1kDa were not very significant and thus, the third membrane stage of the fractionation sequence 
studied was not relevant for improving the adsorption process efficiency in V and S. Nevertheless, 
the decision of maintaining the third membrane stage must be made upon comparing the increment 
in investment and operating costs with an additional membrane stage with the gain of the final 
eluate composition of V and S obtained. The posterior step of final refinement of the V and S 
solution must also be taken into consideration. 
In terms of MW distribution analysed by GPC, the higher MW fractions were eliminated in the 
adsorption/desorption process and  the most representative MW fraction encountered in each final 
eluate obtained corresponds to those of V, S, OV and OS.  
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SFC preliminary studies were performed with synthetic solutions of typical phenolic compounds 
present in oxidized IKL in order to evaluate its potential as final stage of V and S purification from 
the final eluates obtained. The effect of methanol composition (1-10 % V/V) and incorporation of 
formic acid (0.2% V/V) in the CO2 mobile phase, temperature (40 and 50 ºC) and flowrate (4 and   
5 mL min
-1
) were studied in order to understand their effects in the chromatographic separation of 
the desired phenolic compounds regarding peak shape and selectivity.  
The incorporation of methanol as the co-solvent was the most important variable studied for 
phenolic compounds separation in the silica column. The higher the percentage of methanol (above 
1% V/V), the lower the retention times and the better the peak shapes. However, selectivity 
between the phenolic compounds of interest was greatly reduced with the increase of co-solvent 
composition. Considering studies performed in isocratic mode, the best separation between V and S 
with the respective ketones was achieved for a mobile phase containing 1% V/V methanol at 150 
bar, 40 ºC and 5 mL min
-1
. Nevertheless, peak tailing was considerable for S and OS. The 
incorporation of formic acid to the co-solvent solution only displaced the retention times for higher 
values and did not succeed in improving the selectivity or solve the problems associated with peak 
tailing. Temperature and flowrate did not bring major improvements in the chromatographic 
process as well. The lower the temperature and the flowrate, the lower were the retention times and 
peak shape and resolution was similar.  
Co-solvent gradient methods starting with 0.7% V/V methanol for 5 and 3 mL min
-1
 at 150 bar and      
40 ºC were established with a synthetic mixture containing V, S, OV, OS, VA, SA and p-OHB. 
Each tested gradient method encompassed a step where methanol composition reaches 5/10 % V/V 
in order to elute more retained compounds existing in the real oxidized IKL streams and therefore, 
clean and prepare the column for successive injections during operation with real mixtures. The 
final eluates obtained were successfully separated employing the optimal methanol gradient 
conditions found for 5 and 3 mL min
-1
. At 5 mL min
-1
 the compound has eluted earlier but 
separation of peaks were slightly better for feed flowrate of 3 mL min
-1
. 
This is a first step towards the development of a preparative scale separation process to purify 
phenolic compounds from oxidized IKL previously treated by membrane and adsorption processes. 
More SFC studies must be carried out in order to assess if other co-solvent or incorporation of new 
additives (e.g. citric acid) can improve the selectivity and efficiency of the chromatographic 
process obtained in this study for the (analytical and preparative) separation of phenolic 
compounds in silica column. Moreover, other column types should also be tested and the synergic 
effect with chromatographic conditions systematically exploited. 
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7. Conclusions and future work 
 
 
7.1. Conclusions 
 
This work addresses the valorization of lignocellulosic rich streams for the sustainable production 
of value added compounds by membrane and chromatographic processes to be combined after the 
production of sodium salts of vanillin and syringaldehyde by alkaline chemical oxidation of lignin. 
In this study, synthetic solutions and one real oxidized lignin solution were employed. The most 
relevant conclusions obtained will be made in the following paragraphs. 
Initially, the potential of polymeric resins to recover vanillin and syringaldehyde was assessed with 
two macroporous styrene-divinylbenzene resins: SP700 and XAD16N. Mono-component batch 
equilibrium adsorption studies were carried out with vanillin and syringaldehyde for different 
temperatures (283/288, 298 and 313 K). Bi-Langmuir isotherm model has reasonably described the 
equilibrium data and higher maximum adsorption capacities, qm1,i, were obtained employing SP700 
resin of 0.634 and 0.663 g g
-1
dry resin for vanillin and syrindaldehyde, respectively. Therefore, this 
resin was chosen to pursue with mono-component batch adsorption studies with vanillic and 
syringic acids and maximum adsorption capacities, qm1,i, of 0.486 and 0.407 g g
-1
dry resin were 
obtained with the Bi-Langmuir isotherm, respectively. 
Fixed bed adsorption studies were performed with mono-component solutions of vanillin, 
syringaldehyde, vanillic acid and syringic acid for different feed concentrations and temperatures. 
The prediction of the respective breakthrough curves based on an axially dispersed plug flow 
model comprising the adsorption equilibrium Bi-Langmuir isotherm and the linear driving force 
rate model to describe the intraparticle mass transfer were satisfactorily described. 
Desorption studies with water demonstrated that high amounts of this eluent are needed to recover 
the adsorbed vanillin and syringaldehyde (about 1750 BV), constituting a limiting step in the 
adsorption/desorption process. In this regard, desorption studies with ethanol:water (90:10, % V/V) 
solution were conducted for different bed loadings with aqueous solutions of vanillin, 
syringaldehyde, vanillic acid and syringic acid and demonstrated to constitute a good alternative to 
water, where more than 83% of each phenolic compound was readily recovered with about         
16-20 BV with the additional advantage of simultaneously obtaining concentrated (up to 6 times 
more) solutions. 
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Moreover, batch and fixed bed adsorption/desorption studies of vanillin and syringaldehyde in the 
presence of ethanol:water (90:10, % V/V) solution were performed for 298 and 313 K. The effect 
of temperature in the adsorption capacity was negligible. It was demonstrated that the adsorption of 
both aldehydes were negatively affected by the present of ethanol and almost a linear trend 
between the adsorbed phase concentration and the equilibrium liquid concentration was observed. 
The equilibrium data was satisfactorily described by Freundlich isotherm. A mathematical model 
considering isothermal operation with the Freundlich isotherm and plug flow with axial dispersion 
and linear driving force approximation predicted well the experimental breakthrough curves 
obtained. 
A membrane fractionation sequence encompassing three tubular ceramic membranes of different 
molecular weight cut-off of 50, 5 and 1 kDa was successfully performed aiming the separation of 
the low molecular weight phenolates from the oxidation products of higher molecular weights. In 
each stage, two distinct fractions were obtained: the permeate, enriched in the monomeric 
compounds of interest, and the retentante, containing the rejected higher molecular weight 
compounds. This was clearly observed by the gel permeation chromatograms obtained. 
Operating flux reductions of 69%, 62% and 81% were observed for membrane processing stages 
with 50, 5 and 1kDa membranes, respectively. The analysis of membrane intrinsic and fouling 
resistances indicated high flux decline for the 50 and 1kDa membranes mostly attributed to 
reversible fouling. On the contrary, the most detrimental contribution for flux decline of 5kDa 
membrane was the irreversible fouling component. Average membrane productivities in the 
stationary phase of 11.6, 11.2 and 5.8 L m
-2
 h
-1
 were attained for 50, 5 and 1kDa membranes, 
respectively. The initial water permeate fluxes were easily accomplished within 2 to 3 cycles of hot 
chemical cleaning with NaOH 0.1M solutions.   
Each stream of the fractionation process (feed, permeates and retentantes) was characterized 
regarding total non-volatile solids, total phenolic compounds quantified by HPLC-UV and ashes. 
The fractionation sequence was effective in decreasing the total non-volatile solids content, and  
apparent rejection coefficients values between 29.1-15.1 % were obtained. Less than 5% of ashes 
were retained in all membrane stages. The 50 kDa membrane did not retain any of the phenolate 
compounds while, on the contrary, about 9-12 % of the phenolate compounds of interest were 
retained by the other two membranes. Overall, with the fractionation sequence, total solids content 
decreased from 86.5 g L
-1
 to 58.6 g L
-1
 with some loss in the phenolate compounds of interest, from 
2.399 g L
-1
 to 2.151 g L
-1
.  
Concluding, the membrane fractionation sequence improved the phenolate content from                  
28 mg g
-1
TS to 32 mg g
-1
TS during the first membrane fractionation stage and achieved a content of 
35-37 mg g
-1
TS after processing with the other two membranes of lower molecular weight cut-off. 
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The need for a fractionation sequence encompassing three membrane stages must be carefully 
analyzed since the gain in composition was not significant in the second and third membrane 
stages.  
The final permeates 5 and 1 kDa were submitted to adsorption/desorption studies employing the 
SP700 resin at 298K after a pH value correction from 10 to 7.5-8. At this pH value, the phenolic 
acids were mostly ionized and thus, were not significantly adsorbed. Cycles of 
adsorption/desorption performed allowed to demonstrate that these resins can be reutilized up to   
4-5 times. Final concentrated and enriched solutions of phenolic compounds were achieved by 
eluting with ethanol:water (90:10, % V/V) solution, representing 452-376 mg g
-1
TS. The major 
phenolic compounds quantified in the final solutions obtained were vanillin, syringaldehyde, 
acetovanillone and acetosyringone. 
The final eluates were successfully separated with CO2 supercritical fluid chromatography 
employing the best set of operating conditions previously established with synthetic solutions:      
40 ºC, 150 bar, 5 and 3 mL
-1
, and co-solvent gradient starting with 0.7% V/V. 
This work can be seen as proof of concept that oxidation, membrane fractionation and adsorption 
processes can be integrated to treat an oxidized industrial kraft liquor (IKL) solution. In Figure 7.1 
it is presented a simplified flow sheet of the separation and purification sequence implemented in 
this work with the respective compositions of total non-volatile solids (TS) and phenolic 
compounds quantified by HPLC-UV (TP) achieved in each process. 
 
 
Figure 7.1 Simplified scheme of the separation and purification processes applied in this 
work and main composition of the streams regarding total solids (TS) and phenolate/phenolic 
compounds.  
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7.2. Future work 
 
During the experimental development of this thesis, new research topics have emerged to 
investigate in a near future. Some of the future work topics arose from literature search and new 
scientific advances. Other future work topics are related with complementary studies to the results 
obtained in this thesis, thereby increase the knowledge for modelling and scale up of the membrane 
and chromatographic processes studied herein. In Figure 7.2 it is shown a sequence of processes 
that could be explored in order to further improve the separation and purification sequence studied 
and will be discussed in the next paragraphs. 
 
 
Figure 7.2 Simplified scheme of the separation and purification sequence of processes to 
study. The sequence studied in this work is indicated in the black box and the resin washing 
step with water is indicated in blue.   
 
In order to complement the adsorption studies performed onto SP700 resin with synthetic solutions 
of phenolic compounds, kinetic studies must be performed in order to better describe the mass 
transfer phenomena. Moreover, mono-component batch and dynamic studies with other phenolic 
compounds (e.g. acetovanillone, acetosyringone) found in lignin oxidized medium should be 
conducted, as well as multi-component assays in order to find a suitable competition isotherm 
model to describe de adsorptive behavior. 
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Regarding the adsorption studies of vanillin and syringaldehyde in the presence of ethanol:water 
(90:10, % V/V) solution, bi-component water-ethanol adsorption experiments onto SP700 resin 
should be performed to evaluate the degree of ethanol adsorption by the resin employed.  
Vanillin and syringaldehyde adsorption studies, employing synthetic and real oxidized lignin 
solutions, clearly demonstrated that the polymeric resin employed was not selective, and that other 
compounds were simultaneously adsorbed with the aldehydes. In the perspective of improving 
selectivity of the adsorption process, the use of molecular imprinted polymers (MIP) developed by 
using vanillin/syringaldehyde as template molecules could be an interesting approach. The design 
and development of MIP allow creating tailor-made adsorbents with selective properties to specific 
molecules by tuning the shape, size and functionality of the binding sites (1, 2). This technology 
has been applied in several separation processes (3-5). Studies employing methacrylate-based 
polymer monoliths have shown that these materials are easily prepared and functionalized with a 
high degree of macroporosity, being also a promising approach to pursue (6, 7). 
Concerning the oxidized lignin solution submitted to adsorption/desorption studies onto SP700 
resin after a membrane fractionation, although the pH near 7-8 was selected as the starting point, it 
is advisable to evaluate the influence of the pH in the adsorption of vanillin and syringaldehyde in 
order to select the best operating pH value. Moreover, aiming the valorization of different products 
and the enhancement of the adsorption process efficiency, it is suggested a sequential adsorption 
starting with pH values of 10-11 (the IKL oxidized solution as it is), followed by adsorption at pH 
8 and 4, as indicated in Figure 7.2C.  
Additionally, in order to investigate if cycles of adsorption/desorption could be further optimized it 
is required to evaluate the optimal extension of the washing step with water to observe if phenolic 
acids and other adsorbed compounds can be selectively removed in this step without significant 
loss of the aldehydes of interest.  
When operating with the real oxidized lignin solution, there are several unknown compounds that 
compete for the adsorption sites required for vanillin and syringaldehyde such as low molecular 
weight fragments of lignin and other phenolic compounds, which are difficult to predict by just 
performing studies with synthetic solutions. Therefore, equilibrium and kinetic adsorption studies 
onto SP700 resin should be performed with the real oxidized lignin solution before and after being 
treated by a membrane separation process (as indicated in Figure 7.2 A and B/C) in order to design 
the most appropriate large-scale industrial chromatographic process optimized for vanillin and 
syringaldehyde recovery. The development of continuous or semi-continuous counter-current 
chromatographic processes encompassing stages of loading, washing, elution and regeneration are 
commonly suggested for purification of pharmaceutical compounds (8-10) and are promising 
approaches to be applied to oxidized lignin solutions.  
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Regarding the membrane separation sequence applied for the first time in this work, other 
approaches could be considered and results compared with those of the system of 3 membranes 
considered in this work. The impact of removal of one of two membrane stages, preferably 5 and      
1 kDa, in the final composition could be evaluated by comparing the benefits/disadvantages gained. 
Therefore, the initial feed stream and the permeate obtained with the 50 kDa membrane must be 
fed onto SP700 resin evaluating the final eluates composition and therefore the impact of 
simplifying the membrane fractionation. Other intermediate molecular weight cut-offs should be 
tested (e.g. 100/75 or 20/15 kDa) as well.  
Fouling mitigation is important to consider in membrane separation processes and thus, process 
conditions should be optimized to find the best combination of operating temperature, feed flowrate 
and transmembrane pressure that minimize fouling formation with improved membrane 
productivities. Moreover, it is paramount that the continuous oxidation process upstream is 
optimized because the degree of lignin fragmentation achieved is a detrimental aspect that 
influences in membrane productivity and type of fouling generated.  
Gas bubbling is a classical solution that can be easily applied in order to increase the shear rate at 
the membrane surface and promote the removal of some fouling layers formed during operation. 
For this step, nitrogen could be used with the simultaneous advantage of avoiding degradation of 
the phenolic compounds. Introducing intermediate water backflush cleaning steps can also be an 
easy classical way to implement and improve the performance of the membrane process. 
Membrane modification and functionalization by surface coating or grafting and incorporation of 
hydrophilic monomers/inorganic particles to obtain improved membrane anti-fouling properties is a 
promising sustainable solution to improve process performance and has been extensively studied in 
the last years (11-15). Moreover, employing an electrically assisted membrane process in order to 
reduce fouling can also be a sustainable solution to implement (16). 
Concerning supercritical fluid chromatography employing CO2, there are several aspects that 
should be further investigated, in order to optimize the chromatographic process and evaluate the 
potential of employing this technology as a final refining step in the separation and purification of 
oxidized lignin solutions. The following studies should be conducted: mobile phase strength 
modified by incorporation of solvents, such as ethanol, or by the incorporation of new additives 
(e.g. citric acid); optimize the operating back pressure; test other columns/stationary phases and 
exploited the synergic effect on selectivity, resolution and peak shape with chromatographic 
conditions systematically. 
After choosing the most suitable stationary phase and best operating conditions, adsorption 
equilibria studies should be conducted. A simulating moving bed process using CO2 as supercritical 
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eluent (8, 17) could be envisaged as a suitable technology to be developed for the final purification 
stage of vanillin and syringaldehyde. 
Finally, it is important to note that there is still a considerable amount of unknown compounds 
present in each stream of the integrated separation and purification sequence studied. Therefore, a 
deeper characterization of the final permeate and eluate streams should be simultaneously 
conducted in order to identify the other compounds present, such as sugars, phenolic acids and 
other phenolic compounds.  
 
 
7.3. References 
 
1. Spégel, P., Schweitz, L. and Nilsson, S. (2002) Molecularly imprinted polymers. Anal. 
Bioanal. Chem., 372: 37-38. 
2. Chen, L., Xu, S. and Li, J. (2011) Recent advances in molecular imprinting technology: 
current status, challenges and highlighted applications. Chemical Society Reviews, 40: 
2922-2942. 
3. Li, W. and Li, S. (2007) Molecular Imprinting: A Versatile Tool for Separation, Sensors 
and Catalysis: In Oligomers - Polymer Composites - Molecular Imprinting. R. G. Berger 
editor. Springer Berlin Heidelberg: London, United Kingdom, Volume 206, 191-210. 
4. Feng, Q.-Z., Zhao, L.-X., Yan, W., Lin, J.-M. and Zheng, Z.-X. (2009) Molecularly 
imprinted solid-phase extraction combined with high performance liquid chromatography 
for analysis of phenolic compounds from environmental water samples. J. Hazard. Mater., 
167: 282-288. 
5. Mhaka, B., Cukrowska, E., Tse Sum Bui, B., Ramström, O., Haupt, K., Tutu, H. and 
Chimuka, L. (2009) Selective extraction of triazine herbicides from food samples based on 
a combination of a liquid membrane and molecularly imprinted polymers. J. Chromatogr. 
A, 1216: 6796-6801. 
6. Groarke, R. and Brabazon, D. (2016) Methacrylate polymer monoliths for separation 
Applications. Materials, 9: 1-32. 
7. Groarke, R. J. and Brabazon, D. (2016) Monolithic Materials for Bio-Separations: In 
Reference Module in Materials Science and Materials Engineering. Elsevier. 
8. Faria, R. P. V. and Rodrigues, A. E. (2015) Instrumental aspects of simulated moving bed 
chromatography. J. Chromatogr. A, 1421: 82-102. 
234   Chapter 7 
 
Fractionation and purification of syringaldehyde and vanillin from oxidation of lignin 
 
9. Ströhlein, G., Aumann, L., Mazzotti, M. and Morbidelli, M. (2006) A continuous, counter-
current multi-column chromatographic process incorporating modifier gradients for ternary 
separations. J. Chromatogr. A, 1126: 338-346. 
10. Mahajan, E., George, A. and Wolk, B. (2012) Improving affinity chromatography resin 
efficiency using semi-continuous chromatography. J. Chromatogr. A, 1227: 154-162. 
11. Vera, M., Hessel, L. C. and Anita, B. (2014) Class II Hybrid organic-inorganic membranes 
creating new versatility in separations. Curr. Org. Chem., 18: 2334-2350. 
12. Mustafa, G., Wyns, K., Vandezande, P., Buekenhoudt, A. and Meynen, V. (2014) Novel 
grafting method efficiently decreases irreversible fouling of ceramic nanofiltration 
membranes. J. Membr. Sci., 470: 369-377. 
13. Le, N. L. and Nunes, S. P. (2016) Materials and membrane technologies for water and 
energy sustainability. Sustainable Materials and Technologies, 7: 1-28. 
14. Mustafa, G., Wyns, K., Buekenhoudt, A. and Meynen, V. (2016) New insights into the 
fouling mechanism of dissolved organic matter applying nanofiltration membranes with a 
variety of surface chemistries. Water Research, 93: 195-204. 
15. Buekenhoudt, A., Wyns, K., Mustafa, G. and Meynen, V. (2015) Method for increasing the 
fouling resistance of inorganic membranes by grafting with organic moieties, WO Patent 
2015124784 A1 (27-08-2015). 
16. Geng, P. and Chen, G. (2016) Magnéli Ti4O7 modified ceramic membrane for electrically-
assisted filtration with antifouling property. J. Membr. Sci., 498: 302-314. 
17. Mazzotti, M., Storti, G. and Morbidelli, M. (1997) Supercritical fluid simulated moving 
bed chromatography. J. Chromatogr. A, 786: 309-320. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Appendices 
 
  
A. Equilibrium adsorption constants and adsorption 
enthalpies  
 
In this appendix it is summarized the parameters related with the adsorption equilibrium properties 
and respective adsorption enthalpies estimated by the Van’t Hoff equation.  
 
Table A.1 Langmuir equilibrium parameters obtained for adsorption of vanillin (V), 
syringaldehyde (S), vanillic acid (VA) and syringic acid (SA) onto SP700 resin 
T1 – 283 K (V) and 288 K (S, VA, SA); T2 – 298 K; T3 – 313 K; 
 
 
 
 
 
 
 
  V S SA VA 
 
 SP700 XAD16N SP700 XAD16N SP700 SP700 
Langmuir model  
      
qm,i (g g
-1
dry resin) 
 
0.663 0.587 0.707 0.730 0.423 0.450 
o
LK (L g
-1)  3.21x10
-4 1.12x10-2 5.26x10-4 8.00x10-5 1.38x10-3 2.05x10-6 
HL (kJ mol
-1)  -20.0 -10.9 -19.7 -23.5 -20.0 -34.0 
KL,i  
(L g-1) 
T1 1.566 1.162 1.944 1.474 5.954 2.971 
T2 1.023 0.920 1.476 1.061 4.497 1.846 
T3 0.694 0.745 1.009 0.673 3.053 0.957 
 


n
i
calcqq
1
2
exp
 
(g g-1dry resin)
2 
1.87 x10-2 0.32 x10-2 0.70x10-2 0.51 x10-2 0.25 x10-2 0.67 x10-2 
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Table A.2 Bi-Langmuir equilibrium parameters obtained for adsorption of vanillin (V), 
syringaldehyde (S), vanillic acid (VA) and syringic acid (SA) onto SP700 resin 
T1 – 283 K (V) and 288 K (S, VA, SA); T2 – 298 K; T3 – 313 K; 
 
 
 
 
 
 
 
 
 
  V S SA VA 
 
 SP700 XAD16N SP700 XAD16N SP700 SP700 
Bi-Langmuir model      
qm1,i (g g
-1
dry resin) 
 
0.634 0.529 0.663 0.639 0.407 0.486 
qm2,i (g g
-1
dry resin) 
 
0.131 0.116 0.139 0.113 0.0826 0.0967 
o
LK 1 (L g
-1)  3.15x10
-4 8.03x10-3 7.19x10-4 2.17x10-5 1.03x10-3 1.33x10-6 
o
LK 2 (L g
-1)  5.57x10
-2 1.45 1.45x10-1 4.85x10-3 9.71x10-2 1.67x10-4 
HL1 (kJ mol
-1)  -18.3 -10.0 -17.2 -25.9 -18.8 -32.5 
HL2 (kJ mol
-1)  -18.4 -11.0 -17.3 -24.8 -19.0 -32.2 
KL1,i (L g
-1) 
T1 0.752 0.572 0.943 1.084 2.658 1.043 
T2 0.508 0.462 0.742 0.754 2.042 0.662 
T3 0.358 0.380 0.532 0.457 1.425 0.351 
KL2,i (L g
-1) 
T1 137.8 156.0 194.6 150.1 269.5 115.5 
T2 93.0 123.3 152.8 106.1 206.5 73.6 
T3 65.2 99.6 109.5 65.7 143.0 39.5 
 


n
i
calcqq
1
2
exp
 
(g g-1dry resin)
2 
0.42 x10-2 0.20 x10-2 0.31 x10-2 0.37 x10-2 0.079 x10-2 0.30 x10-2 
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Table A.3 Freundlich equilibrium parameters obtained for adsorption of vanillin (V), 
syringaldehyde (S), vanillic acid (VA) and syringic acid (SA) onto SP700 resin 
T1 – 283 K (V) and 288 K (S, VA, SA); T2 – 298 K; T3 – 313 K; 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  V S SA VA 
 
 SP700 XAD16N SP700 XAD16N SP700 SP700 
Freundlich model        
n  
2.7 2.9 2.8 2.5 2.5 2.5 
KF,i 
g g-1dry resin (L g
-1)1/n 
T1 0.3977 0.3095 0.4505 0.4292 0.4027 0.3440 
T2 0.3350 0.2902 0.4076 0.3687 0.3657 0.2757 
T3 0.2927 0.2699 0.3551 0.3072 0.3281 0.2200 
 


n
i
calcqq
1
2
exp
(g g-1dry resin)
2 
 0.64 x10
-2 0.42 x10-2 0.34 x10-2 0.38 x10-2 0.081 x10-2 0.33 x10-2 
  
B. Multi-component adsorption studies 
 
This appendix addresses preliminary adsorption studies performed with aqueous solution 
containing vanillin (V), syringaldehyde (S), vanillic acid (VA) and syringic acid (SA).  
In order to evaluate the influence of pH value on the adsorption of vanillin, syringaldehyde, vanillic 
acid and syringic acid, two four-component fixed bed adsorption experiments onto a bed of SP700 
were performed as described in 3.2.6 at 298 K and pH value of 3.5 and 6.5. The extended Bi-
Langmuir model was applied for both experiments. For pH value of 6.5, the phenolic acids were 
not adsorbed and the extended Bi-Langmuir model was successfully applied considering a binary 
mixture of vanillin and syringaldehyde. However this model failed to describe the experimental 
results performed at pH value of 3.5. It is important to highlight that due to the occurrence of some 
experimental drawbacks during this fixed bed study, the experiment at pH value of 3.5 must be 
repeated in order to confirm the results and support the conclusion that the extended Bi-Langmuir 
model is too simplistic to describe the complexity of the multi-component system. If a new multi-
component model is to be found, it is important to perform several four-component equilibrium 
batch experiments as well and afterwards validate them with fixed bed experiments. 
The aqueous solutions of vanillin, syringaldehyde, vanillic acid and syringic acid were prepared 
and loaded onto the same column bed used in the pure component experiments at 298 K and feed 
flowrate 5 mL min
-1 
(as described in Chapter 3, section 3.2.6). The feed composition used is 
summarized in Table B.1 along with the respective experimental adsorbed amount obtained for 
each phenolic compound. Experiments were performed at pH value of 3.5 and pH value corrected 
to 6.5 in order to evaluate the influence of a pH change on the adsorptive capacity. The extended 
Bi-Langmuir model was applied to predict the adsorbed amounts and values are given in Table B.1 
and shown in Figure B.1. 
Since the simplified extended Bi-Langmuir model failed to describe the fixed bed adsorption 
capacities obtained for each phenolic compound for experiment performed at pH value of 3.5,  
most probably, a more complex model accounting for additional competition effects must be 
applied. Nevertheless, it is important to highlight that more experiments must be carried out to 
confirm the adsorbed amounts experimentally obtained and also to better assess the competition 
behavior among the four compounds studied.  
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Table B.1 Experimental and theoretical adsorbed amounts obtained in multi-component (V, 
S, VA and SA) fixed bed adsorption experiments for different feed concentrations at 298 K, 
feed flowrate 5 mL min
-1
, SP700 bed with 5.6 x 1 cm and porosity 0.35.  
  
Ci,feed 
g L
-1
 
qads,exp 
g g
-1
dry resin 
qads,pred 
g g
-1
dry resin 
%SD* 
Multi-
component 
system (pH 3.5) 
V 0.70 0.193
a
 0.085 127 
S 0.56 0.186
 a
 0.108 72 
VA 0.88 0.157
 a
 0.278 44 
SA 0.22 0.057
 a
 0.020 179 
Multi-
component 
system (pH 6.5) 
V 0.48 0.137 0.128** 6.8 
S 0.67 0.302 0.285** 1.9 
VA 0.15 *** *** - 
SA 0.64 *** *** - 
a) This experiment must be repeated in order to confirm the adsorbed amounts estimated due to sample deterioration.  
*SD (%) corresponds to the standard deviation between the experimental and predicted adsorbed amounts, calculated with the following 
expression: 100(%)
,
exp,,



predads
adspredads
q
qq
SD ; 
** value predicted considering a binary system of vanillin and syringaldehyde;  
*** No adsorption of vanillic and syringic acids occurred at this pH value. 
 
 
Figure B.1 Four-component (V, S, VA and SA) fixed bed adsorption studies for A) pH value 
3.5 and B) pH value 7: experimental and predicted adsorption capacities obtained. Since no 
adsorption of VA and SA occurred, the results for these compounds are not shown in B. 
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In the four-component experiment performed at pH value of 6.5, the acids were not adsorbed onto 
the non-polar SP700 resin while vanillin and syringaldehyde were adsorbed in an equal manner as 
if considering a binary mixture: values predicted employing a binary extended Langmuir model 
were very close to the  experimental values obtained – Table B.1 and Figure B.1. This behavior 
was expected due to the pKa value of the phenolic acids in water be near 4. Therefore, at pH value 
of 6.5, it is expected that the phenolic acids are ionized and consequently, are not adsorbed by a 
non-polar resin.  
In Figure B.2 and Figure B.3  it is portrayed the transient concentration histories performed with 
the four components at pH value of 3.5 and pH adjusted to 6.5, respectively. For the latter, the 
mathematical model comprising the extended Bi-Langmuir model for the binary equilibrium 
prediction, linear driving force approximation and intraparticle mass transfer resistance, reasonably 
describes the experimental concentrations histories obtained. 
  
 
Figure B.2 Normalized concentration and concentration histories obtained for adsorption 
onto SP700 resin of a four-component system (V - 0.70 g L
-1
, S - 0.56 g L
-1
, VA - 0.88 g L
-1
 and 
SA - 0.22 g L
-1
) for pH value of 3.5; feed flowrate 5 mL min
-1
, in a column of 5.6 x 1 cm and 
porosity 0.35. 
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Figure B.3 Normalized concentration and concentration histories obtained for adsorption 
onto SP700 resin of a four-component system (V - 0.48 g L
-1
, S - 0.67 g L
-1
, VA - 0.15 g L
-1
 and 
SA - 0.64 g L
-1
) for pH value corrected to 6.5; feed flowrate 5 mL min
-1
, in a column of             
5.6 x 1 cm and porosity 0.35: points correspond to the experimental values and the lines to the 
simulations obtained considering the axial dispersed model with LDF approximation and the 
extended Bi-Langmuir model considering a binary mixture of vanillin and syringaldehyde. 
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C. GPC of the different streams obtained in 
membrane and adsorption/desorption studies 
 
This appendix presents some additional UV chromatograms obtained by GPC analysis of solutions 
obtained in membrane fractionation and adsorption studies.  
 
 
Figure C.1 UV Chromatograms obtained by GPC for oxidized IKL and permeates obtained 
in the membrane fractionation sequence. Normalization with area under the curve.  
 
 
Figure C.2 UV Chromatograms obtained by GPC for the adsorption/desorption study 
performed: Feed stream (P1kDa and P5kDa), eluates (Eluate P1kDa, breakthrough and 
P5kDa, cycles) and solution coming out of the column during adsorption of P5kDa onto 
SP700 resin. Normalization with area under the curve.  
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D. Adsorption/Desorption studies 
 
This appendix shows some additional figures to complement the Chapter 6 discussion of the 
adsorption/desorption cycles performed with the permeates P5kDa and P1kDa.  
 
Adsorption Cycles with P5kDa Adsorption Cycles with P1kDa 
  
  
Figure D.1 Adsorption concentration histories at column outlet for each cycle performed with 
P5kDa and P1kDa feed solutions for p-hydroxybenzaldehyde (p-OHB) and total phenolic 
compounds quantified by HPLC-UV (TP). The column was packed with SP700 resin and 
experiments were performed at 25 ºC and feed low rate of 5.4 mL min
-1
. Cycles are identified 
as 1- first cycle (), 2- second cycle (), 3- third cycle (), 4- forth cycle () and 5- fifth 
cycle (). 
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Figure D.2 Desorption concentration histories at column outlet of vanillin (V), syringaldehyde 
(S), acetovanillone (OV), acetosyringone (OS), vanillic acid (VA) and syringic acid (SA) for 
each cycle performed with P1kDa. The column was packed with SP700 resin and experiments 
were performed at 25 ºC and feed low rate of 5.4 mL min
-1
. Cycles are identified as Cycles are 
identified as 1- first cycle (), 2- second cycle (), 3- third cycle (), 4- forth cycle () and 
5- fifth cycle (). 
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Figure D.3 Desorption concentration histories at column outlet of V, S, OV, OS, VA and SA 
for each cycle performed with P5kDa. The column was packed with SP700 resin and 
experiments were performed at 25 ºC and feed low rate of 5.4 mL min
-1
. Cycles are identified 
as 1- first cycle (), 2- second cycle (), 3- third cycle () and 4- forth cycle (). 
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Desorption Cycles of P5kDa Desorption Cycles of P1kDa 
  
  
Figure D.4 Desorption concentration histories at column outlet of p-OHB and TP, for each 
cycle performed with P1kDa and P5kDa. The column was packed with SP700 resin and 
experiments were performed at 25 ºC and feed low rate of 5.4 mL min
-1
. Cycles are identified 
as 1- first cycle (), 2- second cycle (), 3- third cycle (), 4- forth cycle () and 5- fifth 
cycle (). 
 
 
Figure D.5 Desorption concentration histories of TP for P1kDa (saturation of the bed), and 
for the first cycle performed with P1kDa and P5kDa. The column was packed with SP700 
resin and experiments were performed at 25 ºC and feed low rate of 5.4 mL min
-1
.  
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Figure D.6 Relative V, S, OV, OS, VA, SA and p-OHB expressed as wt% of TP for the 
different streams of the adsorption/desorption cycles studied. Only trace amount of VA and 
SA are present in eluate P1kDa obtained after complete saturation of the bed, and thus, not 
detected by HPLC-UV quantification.  
 
  
E. HPLC-UV analysis of several phenolic compounds 
 
Herein it is presented a typical RP-HPLC UV chromatogram obtained for a synthetic mixture 
prepared with vanillin (V), syringaldehyde (S), acetovanillone (OV), acetosyringone (OS), vanillic 
acid (A), syringic acid (SA) and p-hydroxybenzaldehyde (p-OHB). The analytical column used was 
an ACE 5 C18-pentafluorophenyl group (250 x 3.0 mm, 5 µm) with a guard column of the same 
material. Detection length was set to 280 nm and the volume of injection loop was 20 µL. 
Chromatograms were run at 30 ºC  at 0.6 mL min
-1
 using an elution gradient composed is 
summarized in Figure E.1. 
 
 
Figure E.1  UV chromatogram of a synthetic mixture prepared with V, S, OV, OS, VA, SA 
and p-OHB. Analysis was performed in an ACE 5 C18 column with a pentafluorophenyl 
group (250 x 3.0 mm, 5 µm) at 30 ºC and 6 mL min-1 with the elution gradient indicated at 
the right side of the chromatogram. Detection was at 280 nm. Retention time of each phenolic 
compound is summarized in the table indicated at the left side of the chromatogram. 
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C:\Clarity\WORK2\DATA\Inês\ACE Column\método B5 30ºC _14-Jun-13 3_23_00 PM - S 2600: Channel 1
Time 
/min
Solvent (%)
A B C D
Initial 0 90 10 0
3.30 0 90 10 0
6.70 0 80 20 0
20 0 80 20 0
35 0 50 50 0
38.3 0 0 100 0
41.7 0 0 100 0
45 0 90 10 0
55 0 90 10 0
RT [min] Compound
17.0 p-OHB
18.8 VA
22.9 V
23.9 SA
28.4 S
29.1 OV
32.2 OS
Chromatographic conditions: @30ºC, 140 bar, 0.6 L/min, 280 nm
A – 90:10%V/V Water:Methanol; B – 90:10%V/V Water:Methanol acidified with 0.1%HCOOH; C – 10:90%V/V 
Water:Methanol acidifed with 0.1%HCOOH; D – 100% Methanol
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This appendix shows some additional figures to complement the Chapter 6 discussion about SFC 
studies performed for the analysis of several synthetic phenolic compounds typically found in 
oxidized industrial kraft liquors. 
 
 
 
Figure F.1 Overlaid SFC chromatograms of several standard phenolic compounds usually 
found in oxidized IKL medium: vanillin (V, 1.4 g L
-1
), acetovanillone (OV, 0.74 g L
-1
),             
p-hydroxybenzaldehyde (p-OHB, 1.1 g L
-1
), syringaldehyde (S, 0.9 g L
-1
), acetosyringaldehyde 
(OS, 1.6 g L
-1
),  vanillic acid (VA, 0.9 g L
-1
), syringic acid (SA, 1.3 g L
-1
). Other 
chromatographic conditions: 40 ºC, 150 bar, 5% V/V of methanol, 5 mL min
-1
.  
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Figure F.2 SFC chromatograms of synthetic mixtures with for different chromatographic 
methods of co-solvent gradient. Other chromatographic conditions: 150 bar, 40 ºC,                  
5 mL min
-1
. Concentration of each compound about 0.6 g L
-1
.  
 
 
 
1%……… 0 - 8 min
1>>4%……… 8 - 11 min
4%……… 11 - 14 min
4>>10%……… 14 - 15 min
10%……… 15 - 16 min
10<<1%……… 16 - 17 min
1%……… 17 - 25 min
1%……… 0 - 15 min
1>>5%……… 15 - 20 min
5%……… 20 - 25 min
5<<1%……… 25 - 28 min
1%……… 28 - 33 min
A
b
so
rb
an
ce
 (
m
A
U
)
0
-50
0
50
100
150
200
250
2010 155
Retention time (min)
25 30
V
OV
OS
S
VA
SA
A
b
so
rb
an
ce
 (
m
A
U
)
0
-50
0
50
100
150
200
250
2010 155
Retention time (min)
25 30 35
V OV
OS
S
VA
SA
A
1st gradient mode of methanol
5 mL/min, 40 oC, 150 bar
B
2nd gradient mode of methanol
5 mL/min, 40 oC, 150 bar
Retention time (min) 1st gradient mode 2nd gradient mode
Mixture 1 Mixture 2 Mixture 1 Mixture 2
V 3.54 3.52 3.71 3.84
OV 4.00 - 4.14 -
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Figure F.3 SFC chromatograms of synthetic mixtures for different chromatographic methods 
of co-solvent gradient.  Other chromatographic conditions: 150 bar and 40 ºC; 5 mL min
-1
 for 
the 3
rd
 gradient mode and 3 mL min
-1
 for the 4
th
 gradient mode. Synthetic mixture prepared 
with V (3.24 g L
-1
), OV (3.36 g L
-1
), p-OHB (2.16 g L
-1
), S (2.54 g L
-1
), OS (2.74 g L
-1
),            
VA (2.04 g L
-1
) and  SA (2.56 g L
-1
). 
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Figure F.4 Overlaid SFC chromatograms of several standard phenolic compounds usually 
found in oxidized IKL medium: V, 1.4 g L
-1
), acetovanillone (OV, 0.74 g L
-1
),                                   
p-hydroxybenzaldehyde (p-OHB, 1.1 g L
-1
), syringaldehyde (S, 0.9 g L
-1
), acetosyringaldehyde 
(OS, 1.6 g L
-1
), vanillic acid (VA, 0.9 g L
-1
), syringic acid (SA, 1.3 g L
-1
). Other 
chromatographic conditions: 40 ºC, 150 bar and 5 mL min
-1
.  
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